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O glioblastoma multiforme é o tumor cerebral mais agressivo. Já a micróglia 
representa 30% da massa tumoral e desempenha um importante papel na tumorigênese. 
Este trabalho buscou estudar o padrão de infiltração e alteração morfológica da micróglia 
no tecido tumoral formado por células da linhagem GL261mCherry implantadas 
ortotopicamente. Além disto, buscou-se examinar o papel do canal de potássio Kv 10.1, 
correlacionado ao crescimento tumoral, primeiro na interação da micróglia com as células 
tumorais e, segundo, frente à lesão celular causada pelo fármaco de escolha ao tratamento 
do glioma, a temozolomida. Camundongos CX3CR1-EGFP receberam injeções 
intracorticais de células de glioblastoma multiforme capazes de expressar a proteína 
fluorescente mCherry. Microscopia de epifluorescência e confocal foram empregadas nas 
análises morfométricas, ao passo que a microscopia do tipo 2-photon (2P-LSM) foi usada 
para visualizar as células tumorais e microgliais no cérebro de animais vivos. Os 
resultados deste estudo revelaram uma microgliose intensa em áreas cerebrais logo após 
a implantação do tumor, isto é, aos 30 minutos. Nos primeiros três dias, a micróglia tende 
a formar aglomerados de células em torno dos tumores. Para, em seguida, infiltrar no 
centro tumoral, onde permanece durante todos os pontos de tempo estudados, de 6 a 18 
dias. Com o aumento da massa tumoral, as células tumorais perdem progressivamente a 
sua forma original, assumindo uma morfologia heterogênea e difusa; o tamanho do corpo 
celular (perímetro) passou de 10 µm, três dias após o implante, para 52 µm aos 18 dias. 
Em contato com o glioma, a micróglia também muda sua morfologia. A forma tornou-se 
amebóide, com corpos celulares alargados. O corpo celular (área) cresceu de 366±0.0 
µm2, na micróglia em vigilância, para 1310±146.0 µm2 e ramificações curtas, ou mesmo 
ausência de ramificações no fenótipo ativado. Aos 12 dias após o implante, foi notada a 
presença de células multinucleadas de glioma, os policariócitos, em contato íntimo com 
a micróglia ativada. Sobre o canal Kv-10.1, este foi expresso em células cultivadas de 
glioma, de micróglia (linhagem BV-2) e também em tecido tumoral de camundongos 
implantados com o tumor. A supressão deste canal, em células de glioma, potencializou 
a injúria por TMZ em 29%, conforme ensaio de MTT. Em conclusão, a micróglia 
apresentou um padrão espaço-temporal de infiltração no glioma, o que favorece 
influências recíprocas e pró-tumorigênicas. Já o canal Kv-10.1, pode tanto representar 
uma via de comunicação entre estes tipos celulares, quanto ser um potencial alvo para a 
viii 
 
terapêutica do glioma, já que foi capaz de potencializar os efeitos da temozolomida na 
morte celular de linhagens de glioma. 
 



































Glioblastoma multiforme is the most aggressive brain tumor. Microglia represents 
30% of the tumor mass, and plays a role in tumorigenesis. This work studied the pattern 
of microglial growth into brain tumor tissue formed by orthotopically implanted glioma 
cells of the established GL261 cell line. In addition, we examined the expression of the 
Kv 10.1 potassium channel that frequently correlates with tumor growth. CX3CR1-EGFP 
mice received intracortical injections of GL261 tumor cells with stable expression of the 
red fluorescent protein mCherry. Epifluorescence - and confocal laser-scanning 
microscopy were employed in the analysis of tissue sections, whereas two-photon laser-
scanning microscopy (2P-LSM) was used to visualize tumor cells and microglia in the 
brain of living animals. Our results revealed an intense microgliosis in brain areas already 
shortly after tumor implantation, i.e. at 30 minutes. In the first three days, microglia 
formed clusters of cells around tumors mass. Then cells infiltrated the tumor area, where 
they remained during all the time points studied, from 6 to 18 days. As tumor increased 
in size, GL261 cells progressively lost their original shape, assuming a heterogeneous and 
diffuse morphology. Soma size increased from 10 to 52 µm. In contact with the glioma, 
microglia also changed its morphology. Cell bodies enlarged from 366±0.0 µm2, in 
quiescent microglia, to 1310±146.0 µm2. The shape became amoeboid, with enlarged cell 
bodies and short processes (or even absence of them). Remarkably, we found microglial 
processes that closely surrounded glioma cells. Microglia also grew around 
multinucleated polycariocytes, found in tumors at 12 days. The Kv 10.1 channel was 
expressed in cultured GL261 cells, microglia cell line (BV-2) and also in mouse tumors. 
Suppression of Kv10.1 caused a 29% decrease in the viability of glioma cells injured by 
TMZ. In conclusion, microglia presented a temporal and spatial pattern of infiltration in 
glioma tumors, which favors reciprocal and protumorigenic influences. Kv 10.1 
expressed by glioma cells in close contact with microglia may represent a communication 
pathway between microglia and cancer cells and, could be a potential target for antiglioma 
gene therapy, since it potentiated the effects of temozolomide in glioma cell lines.        
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Revisão de literatura 
Gliomas como tumores do Sistema Nervoso Central 
 
Gliomas são tumores intracerebrais derivados das células da glia. Portanto, são 
classificados histologicamente de acordo com a semelhança das células neoplásicas em 
relação às células gliais normais e os relativos graus de malignidade. Neste sentido, o 
astrocitoma é composto de células tumorais que se assemelham aos astrócitos, enquanto 
o oligodendroglioma contêm células compatíveis com oligodendrócitos.  
Do ponto de vista epidemiológico, o glioma é o tumor primário intracerebral de 
maior incidência e agressividade em humanos. Corresponde a 20% dos todos tumores 
cerebrais primários e 80% dos tumores primários malignos localizados no cérebro de 
humanos adultos (OSTROM et al., 2013). A incidência atinge, aproximadamente, seis em 
cada 100 mil pessoas ao ano. Segundo a Organização Mundial da Saúde (OMS), os 
astrocitomas podem ser classificados em uma escala de quatro níveis de malignidade, 
dividida de acordo com o padrão histológico e as alterações genéticas apresentadas 
(OSTROM et al., 2013). Dentre estes, o glioblastoma multiforme (GBM) está classificado 
na mais alta escala, ou seja, nível IV. Este representa 54,7% do total de tumores 
originados por células da glia (Figura 1). 
 
  
Figura 1. Distribuição por histologia e tipos de gliomas na população americana nos períodos de 2007-2011. 
(OSTROM et al., 2013). 
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A incidência fica em torno de 3,19 casos para 100.000 pessoas. Os pacientes 
afetados apresentam sobrevida média de apenas 15 meses (MCLENDON; HALPERIN, 
2003; STUPP et al., 2009). Devido à sua localização, o GBM representa um risco 
aumentado para a excisão cirúrgica. A recorrência do tumor, com subsequente invasão de 
outras áreas, é comum em pacientes após a ablação cirúrgica do GBM (WATKINS; 
SONTHEIMER, 2012). Finalmente, o GBM frequentemente desenvolve resistência aos 
tratamentos de quimioterapia e radioterapia atuais (NAGASAWA et al., 2012; RICARD 
et al., 2012). 
 
Temozolimida como estratégia terapêutica ao glioma 
 
O tratamento de escolha para o glioblastoma inclui remoção cirúrgica, seguida de 
radioterapia e quimioterapia com temozolomida (TMZ). Isto aumenta em 
aproximadamente 2,5 meses a sobrevida dos portadores humanos (STUPP et al., 2009). 
A apresentação comercial da temozolomida denomina-se Temodal® (Schering-
Plough, EUA). O fármaco é classificado como um agente alquilante de segunda geração, 
da classe dos Triazenos, derivado da imidazotetrazina, que sofre uma rápida conversão 
química, a um pH fisiológico, no ativo monometil triazenoimidazol carboxamida 
(MTIC). A ação citotóxica do MTIC é devida à metilação do DNA nas posições O6 e N7 
da guanina e N3 da adenina (DENNY et al., 1994). Desta forma, tem a capacidade de 
reduzir a proliferação das células tumorais por dificultar as ações de reparo do ciclo 
celular, resultado em correção aberrante da adução metilo (NAGASAWA et al., 2012). A 
temozolomida é uma substância lipofílica de baixa massa molecular (194.15 g/mol), 
capaz de ser absorvida pelo sistema gastrointestinal. Além disso, atravessa a barreira 
hematoencefálica (BHE), alcançando os tumores intracerebrais (NAGASAWA et al., 
2012; NEWLANDS et al., 1992). 
Embora a associação de TMZ com radioterapia aumente a expectativa de vida do 
paciente, os efeitos do fármaco são limitados. O processo de metilação do DNA, por 
exemplo, pode ser contornado devido aos mecanismos de adaptação que as células 





Aspectos gerais da micróglia, como célula constituinte do sistema 
nervoso central (SNC) 
 
O SNC é composto por outros tipos celulares além dos neurônios. Cerca de 50% 
da população são células da glia (Figura 2), que tem a função de sustentar, proteger, isolar 
e nutrir os neurônios (JESSEN, 2004). 
Entre as principais células da glia está a micróglia – objeto do atual estudo, além 
dos astrócitos, e oligodendrócitos. Há evidências de que estas células, juntamente com a 
linha celular endotelial, fornecem suporte a todo o microambiente cerebral, como 
controlar a liberação de neurotransmissores, regulação iônica, eliminação de metabólitos, 





Evidências científicas mostram que o SNC não está isolado do sistema 
imunológico pela barreira hematoencefálica ou a falta de drenagem, mas possui um 
mecanismo único de proteção, apto a responder ativamente a processos inflamatórios ou 
qualquer tipo de injúria (BECHMANN; NITSCH, 2001; MARTINO; PLUCHINO, 
2007). A micróglia é a célula responsável por executar a função dos macrófagos no SNC, 
Figura 2. Representação das células residentes no sistema nervoso central. O SNC de mamíferos é 
composto de neurônios, células da glia (micróglia, astrócitos e oligodendrócitos), além de outros tipos 
celulares de suporte. Imagem gentilmente cedida pelo Prof. Dr. Frank Kirchhoff (Departamento de 
Fisiologia Molecular, UKS, Homburg, Alemanha). 
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fagocitando debris celulares decorrentes de apoptose, além de responder aos estímulos 
imunológicos, provenientes de dentro ou fora do SNC (CARSON, 2002; ROCK et al., 
2004). A micróglia apresenta características de células mielóides no SNC (PETERS; 
JOSEPHSON; VINCENT, 1991). Em seres humanos e outros vertebrados, representam 
entre 5 a 20% de todas as células da glia (PELVIG et al., 2008). Exercem papel 
fundamental na regulação fisiológica e patológica do cérebro (KETTENMANN et al., 
2011; KREUTZBERG, 1996; RANSOHOFF; PERRY, 2009). No cérebro saudável, a 
micróglia é marcada pela heterogeneidade e exibe um fenótipo quiescente, caracterizado 
morfologicamente pela grande quantidade de ramificações. A micróglia não reativa é 
dinâmica, permanece em constante vigilância e é capaz de modificar sua morfologia, 
resultando em motilidade celular (DAVALOS et al., 2005; NIMMERJAHN; 
KIRCHHOFF; HELMCHEN, 2005).  
Trabalhos anteriores também sugerem que a micróglia participa no 
desenvolvimento normal do cérebro por meio da secreção de fatores neurotróficos, tais 
como o fator de crescimento semelhante à insulina 1 (IGF-1), fator neurotrófico derivado 
do cérebro (BDNF), fator de crescimento transformante-β (TGF-β) e fator de crescimento 
do nervo (NGF) (TREMBLAY et al., 2011). Além disso, funções fagocíticas de micróglia 
apoiam a neurogênese e a sinaptogênese (MADINIER et al., 2009). A micróglia responde 
rapidamente a patógenos e estímulos traumáticos, mudando seu fenótipo para ativado, 
com formato amebóide. Os estágios de ativação da micróglia também foram definidos 
com base em dados morfológicos, moleculares e funcionais. Assim, a micróglia 
totalmente ativada apresenta-se como macrófagos periféricos. Uma vez ativada, a 
micróglia pode produzir diversos mediadores pró-inflamatórios que contribuem para o 
combate a patógenos, por exemplo. No entanto, embora uma resposta imune eficiente 
seja necessária para a defesa do SNC, a ativação excessiva pode causar danos no tecido e 
levar à neurodegeneração. Como uma primeira linha de defesa no SNC, a função crucial 
da micróglia é gerar resposta imune inata e adaptativa. A imunidade inata é a resposta 
antígeno inespecífica inicial que resulta em fagocitose microglial e rápida produção de 
citocinas inflamatórias (FU, et al., 2014). Ao apresentar antígenos, a imunidade 





Infiltração da micróglia no glioma 
 
Esta etapa da revisão de literatura irá abordar aspectos da multiplicação celular e 
migração da micróglia em direção ao interior da massa tumoral do glioma, tipo tumoral 
a ser investigado no presente estudo (Capítulo 1).  
Ao que se refere à biologia do tumor, a gliomagenesis é marcada por mudanças 
no fenótipo e migração das células microgliais (WEI; GABRUSIEWICZ; 
HEIMBERGER, 2013). Durante o crescimento tumoral, as células microgliais atuam 
primeiramente como os macrófagos do sistema nervoso central, migrando para os sítios 
tumorais para apresentar antígenos e liberar citocinas (ALOISI, 2001). No entanto, esta 
atividade antitumoral esperada é descrita apenas em estudos in vitro (SUTTER; 
HEKMAT; LUCKENBACH, 1991). Publicações anteriores sugerem que a micróglia 
promove a migração de células tumorais e contribui para o crescimento tumoral (ZHAI; 
HEPPNER; TSIRKA, 2011). Fatos estes que ajudam a explicar o termo “glioma-
associated micróglia/macrophages” (GAM), que se refere à micróglia/macrófagos 
associados ao glioma. Células tumorais recrutam ativamente os GAMs através de 
moléculas de sinalização como citocinas, aumentando assim o crescimento do tumor, 
invasão, angiogênese e imunossupressão (DA FONSECA; BADIE, 2013). Sob a 
influência do glioma, as células microgliais não apresentam o seu papel natural na defesa 
imunológica. Ao contrário, adquirem o fenótipo ativado alternativo, chamado de M2, que 
se caracteriza por mudanças na expressão de receptores e na produção de citocinas, 
alterações que coletivamente proporcionam um microambiente favorável à gliomagênese 
(LI; GRAEBER, 2012).  
 
Kv 10.1 no câncer  
 
Canais iônicos são proteínas que, inseridas na membrana plasmática, 
desenvolvem um papel importante no funcionamento e na homeostase das células. 
Possuem a função de regular o fluxo de íons (Na+, K+, Ca2+, Cl-) através da bicamada 
lipídica (HILLE, 1978).  
Oficialmente denominado de Kv 10.1, mas também conhecido como Eag1, este 
canal de potássio foi inicialmente clonado a partir de mioblastos em cultura. O Kv 10.1 é 
membro da família de canais de K+ dependentes de voltagem (Kv) (GUTMAN et al., 
2005; OCCHIODORO et al., 1998). São constituídos por estrutura tetramérica. Cada uma 
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das quatro α-subunidades é composta por seis domínios transmembrana (S1-S6). A região 
do poro (P) está localizada entre os domínios S5 e S6. Possuem regiões 
terminais, amino (N) e carboxila (C), localizadas no citoplasma. O terminal N consiste de 
um domínio per-Arnt-Sim (PAS), que funciona como um sensor de hipóxia. Este sensor 
é capaz de ativar o fator HIF1α (hypoxia-inducible factor 1α), promovendo a angiogênese 
e, consequentemente, favorecendo o crescimento de células tumorais em um ambiente 
hipóxico (DOWNIE et al., 2008). Já o terminal C contém o domínio de ligação de 
nucleotídeos cíclicos (cNBD, cyclic nucleotide-binding domain), diretamente envolvido 
na expressão funcional dos canais de K+ dependentes de voltagem (Figura 3) (ASHER et 
al., 2010; SCHWARZ; BAUER, 1999). 
 
 
Figura 3. Representação esquemática do canal Kv 10.1. (A) α-subunidades compostas por 6 domínios que 
atravessam a membrana plasmática (S1-S6). (B) estrutura composta por 4 α-subunidades e região do poro 
(P). Modificado (SCHWARZ; BAUER, 1999). 
 
O papel pró-tumorigênico do Kv 10.1 foi descrito pela primeira vez em 1999 por 
Pardo e colaboradores, com a descoberta de que a inibição da sua expressão reduzia a 
proliferação celular de diversas linhagens de câncer (PARDO et al., 1999). Além disto, a 
expressão do canal Kv 10.1 foi detectada em aproximadamente 70% das biópsias de 
tumores humanos de diversas origens (DING et al., 2007; WU et al., 2013).  
No glioma, estudos anteriores revelaram que o Kv 10.1 mostrava-se hiperexpresso 
em amostras de tecidos tumorais de pacientes, com diferentes subtipos e graus de 
malignidade (PATT et al., 2004). Nenhum trabalho, entretanto, avaliou o papel do canal 




Efeitos da supressão do canal de potássio Kv 10.1 no câncer 
 
Após a detecção da expressão do Kv 10.1 em diversos tipos de câncer, estudos 
foram realizados com o objetivo de reduzir a proliferação celular ou o desenvolvimento 
tumoral. O canal Kv 10.1 pode ser inibido farmacologicamente pela imipramina e pelo 
astemizol (GAVRILOVA-RUCH et al., 2002), mediante o uso de anticorpos (GÓMEZ-
VARELA et al., 2007), e também em nível pós-transcripcional por interferência de RNA 
(RNAi) (CUNHA et al., 2013; GONZALEZ-ALEGRE; PAULSON, 2007). 
O antidepressivo tricíclico imipramina e o anti-histamínico astemizol são capazes 
de bloquear as funções eletrofisiológicas do Kv 10.1, sendo que o tratamento com estes 
fármacos reduziu significativamente a taxa de proliferação celular em tumores mamários 
e melanomas (GARCÍA-QUIROZ; CAMACHO, 2011; GARCÍA-QUIROZ et al., 2014; 
GAVRILOVA-RUCH et al., 2002; OUADID-AHIDOUCH et al., 2001). No entanto, 
ambos os fármacos são inespecíficos e não seletivos, podendo causar efeitos colaterais 
(SANGUINETTI; TRISTANI-FIROUZI, 2006). 
Pesquisadores liderados pelo Prof. Dr. Luis Pardo, do Instituto Max Planck for 
Experimental Medicine - Göttingen, desenvolveram o primeiro anticorpo monoclonal 
contra o canal Kv 10.1 (mAb56) capaz de inibi-lo imunologicamente (GÓMEZ-
VARELA et al., 2007). O estudo demonstrou que o anticorpo reduziu a corrente de íons 
K+ no canal Kv 10.1 em células isoladas e não provocou qualquer alteração sobre os 
canais Eag2 e hERG, mostrando-se seletivo. Dessa forma, houve a inibição do 
crescimento de células de diferentes linhagens tumorais humanas. Porém, o mAb56 não 
foi eficaz em todas as linhagens celulares testadas (GÓMEZ-VARELA et al., 2007; 
PARDO; STÜHMER, 2008; ZHOU; MA; HUANG, 1998). 
No tocante à interferência de RNA (RNAi), esta é uma estratégia de degradação 
parcial ou total de um RNA mensageiro (RNAm) alvo, por meio de sequências curtas de 
nucleotídeos (TIEMANN; ROSSI, 2009). O processo pode ser desencadeado 
experimentalmente mediante o uso siRNAs ou vetores de expressão. Este mecanismo 
celular é composto de duas etapas (Figura 4). No presente estudo, os grampos curtos 
expressos pelo vetor pKv10.1-3 são clivados dentro da célula em fragmentos de 21 - 23 
nucleotídeos pela enzima nuclease Dicer. Em seguida, os pequenos fragmentos de dsRNA 
conhecidos como small interfering RNAs (siRNAs) se associam a proteínas celulares 
formando um complexo chamado RISC (RNA Induced Silencing Complex). Uma enzima 
presente no complexo abre a dupla-fita dos siRNAs e elimina uma das fitas (denominada 
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passenger), permanecendo a fita guide (antisense), que irá guiar o complexo RISC até o 
RNAm alvo para posterior degradação (ALTON, 2007). Como resultado deste processo, 
ocorre a redução do conteúdo da proteína de interesse, tanto in vitro como in vivo. O 
tratamento com siRNAs (small interfering RNA), direcionados ao Kv 10.1, resultou na 
redução do nível celular de RNAm e da proliferação em linhagens de células de câncer, 
tais como glioblastoma multiforme (U138 MG), rabdomiossarcoma (TE-671, A204), 
fibrossarcoma (HT1080, Hs633t), câncer de mama (MCF-7, MDA-MB435S), melanoma 
(IGR39, IPC298), câncer de colo do útero (HeLa), neuroblastoma (SH-SY5Y) e 
meduloblastoma (Daoy) (CUNHA et al., 2013; WEBER et al., 2006). Esses estudos 
apontam para o potencial do Kv 10.1 como um alvo para a terapia do câncer.  
O silenciamento gênico do Kv 10.1 pelo uso de shRNAs (short hairpin RNA) 
inibiu a formação e proliferação de colônias de células de osteossarcoma (MG-63), 
reduzindo a taxa de crescimento e progressão do ciclo celular. Nos experimentos in vivo, 
mostrou inibição do crescimento de osteossarcoma no modelo de xenoenxerto em 
camundongo nude (WU et al., 2014). A interferência de RNA mediada por vetor de 
expressão shRNA foi um dos objetos do atual estudo. Portanto, desenvolvemos um vetor 
plasmidial capaz de expressar shRNAs, que tem como alvo o RNAm do canal de potássio 
Kv 10.1, chamado pKv10.1-3. Em estudo anterior realizado pelo nosso grupo, este vetor 
de expressão reduziu a viabilidade das células de glioma e potencializou efeitos do 
interferon-gama (CUNHA et al., 2013). Dessa forma, o silenciamento da expressão dos 
canais Kv 10.1 pode ser potencialmente usado em associação com o agente 





Figura 4. Esquema ilustrativo dos eventos de interferência de RNA (RNAi), adaptado de Takahashi et al., 
(2009). Os shRNAs são transcritos a partir de vetores de expressão (ex.: pKv 10.1-3) e exportados ao 
citoplasma da célula pela proteína exportina 5. São processados pela enzima Dicer e incorporados ao 
sistema enzimático RISC (RNA-induced silencing complex). A seguir a fita sense – passenger - (na cor 
roxa) é eliminada e a fita antisense - guide, representada em rosa, terá o papel de reconhecer a sequência 
de RNAm alvo (Ex.: Kv 10.1) e “guiar” o complexo RISC a ele, que será posteriormente degradado. Os 
siRNAs são RNAs exógenos curtos, e em dupla fita, que podem ser transfectados para o interior das células 
e diretamente incorporados ao complexo RISC, sem a necessidade de um vetor de expressão. 
 
Abordagens metodológicas inovadoras 
 
Camundongo transgênico TgH(CX3CR1-EGFP) e células de glioma 
GL261mCherry  
 
Os camundongos transgênicos utilizados no presente estudo denominam-se 
TgH(CX3CR1-EGFP). Nestes animais, a expressão do gene CX3CR1 murino (presente 
em monócitos do sangue periférico, subconjuntos de células NK, células dendríticas e a 
micróglia do cérebro) está vinculada à expressão conjunta da proteína verde fluorescente 
melhorada (EGFP) (JUNG et al., 2000). O locus CX3CR1 mutante contém o gene de 
EGFP em substituição dos primeiros 390 pares de nucleotídeos do segundo exon. 
CX3CR1 é uma proteína G transmembrânica com receptor acoplado e expresso por 
leucócitos, que desempenha um papel na migração e adesão celular (IMAI et al., 1997). 
O ligante deste receptor é chamado fractalcina (FKN) (BAZAN et al., 1997). Em síntese, 
o camundongo knock-in CX3CR1-EGFP apresenta uma expressão fluorescente verde no 
receptor FKN pelas células microgliais, fato que permitiu estudos sobre o papel da 
micróglia no desenvolvimento da medula espinhal e neurodegeneração (MENTEYNE et 
al., 2009; RIGATO et al., 2011). 
Quanto à linhagem de glioma, há muitos tipos celulares disponíveis para o uso em 
modelos animais desta doença (CHEN et al., 2013; DAI; HOLLAND, 2001; HUSZTHY 
et al., 2012). A linhagem GL261, utilizada no atual estudo, é um modelo clássico de 
GBM, que foi desenvolvido em 1939 por indução química com metilcolantreno (MCA) 
em camundongos C3H (ARNOLD M. SELIGMAN, M. J. SHEAR, 1939). A partir daí o 
modelo foi mantido pelo transplante de fragmentos do tumor para outros hospedeiros 
singeneicos, no caso a linhagem C57BL/6 de camundongo. Na década de 1990 foi então 
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estabelecida a linhagem celular permanente GL261 (AKBASAK; OLDFIELD; SARIS, 
1991). Este modelo apresenta uma vantagem notável: o tumor cresce em animais com 
sistema imune intacto. Como a GL261 não requer o uso de animais do tipo “nude”, os 
resultados obtidos no modelo animal se aproximam mais ao glioblastoma humano (OH 
et al., 2014). Avaliando como as células microgliais se comportam na presença de gliomas 
implantados, esse modelo torna-se muito relevante. Assim, a GL261 foi amplamente 
utilizada em pesquisas sobre imunoterapia e, além disso, em muitos estudos sobre a 
biologia do glioma (MAES; VAN GOOL, 2011). O modelo que utiliza as células GL261 
em camundongos mostra padrões semelhantes aos encontrados no GBM humano, como 
segue: morfologia semelhante das células, fenótipo invasivo no cérebro normal e 
mutações genéticas que sinaliza a desregulação de vias de expressão gênica responsáveis 
pela proliferação celular, bem como um quadro característico de estágios de formação de 
tumores no homem (JACOBS et al., 2011; MAES; VAN GOOL, 2011; OH et al., 2014).  
Estudos anteriores já haviam utilizado o modelo GL261 para examinar como as 
interações micróglia-glioma afetam o desenvolvimento do tumor. Gliomas influenciam a 
micróglia para expressar metaloprotease do tipo 1, presente na membrana celular, o que 
contribui para a expansão dos tumores (MARKOVIC et al., 2009). Os autores utilizaram 
imagens em série de áreas afetadas por tumores para produzir uma imagem 
tridimensional, o que revelou a presença de células microgliais na vizinhança do tumor 
implantado. Um outro estudo com o fármaco ganciclovir, capaz de reduzir o número de 
células da micróglia no interior do tecido tumoral, causou diminuição acentuada no 
crescimento do tumor, o que confirma que a micróglia contribui para gliomagênese 
(ZHAI; HEPPNER; TSIRKA, 2011). Em comum, ambos os estudos utilizaram um 
modelo de camundongo com base em células GL261 expressando GFP. Além disso, 
detectaram aumento microglial e infiltração tumoral por detecção da proteína Iba1 
(ionized calcium-binding adapter molecule 1) através de imunohistoquímica. Em todos 
os casos, é mostrado que dois tipos de células distintas poderiam exercer influências 
recíprocas que contribuam para a expansão do tumor. 
 
Microscopia de varredura tipo 2-photon - Laser Scanning Microscopy (2P-LSM) 
 
Um tipo específico de microscopia foi utilizado neste estudo para obtenção das 
imagens do camundongo implantado com as células tumorais. Trata-se do 2P-LSM, 
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tecnologia que faz uso da detecção de fluorescência por absorção de dois fótons em um 
corante expresso intrinsicamente por uma população celular alvo que foi geneticamente 
modificada, no caso o camundongo TgH(CX3CR1-EGFP) com células da micróglia 
fluorescentes e as células de glioma GL261, geneticamente modificadas para expressar a 
proteína fluorescente mCherry. Esta abordagem trouxe várias vantagens para imagens de 
fluorescência, possibilitando o escaneamento in vivo de células e tecidos (RUBART, 
2004). Em comparação com a microscopia confocal clássica, o método proporciona um 
aumento de 100 vezes na penetração dos feixes de luz, o que é valioso para estudos sobre 
os tecidos cerebrais (CENTONZE; WHITE, 1998; LEVENE et al., 2004). Além disso, o 
2P-LSM discrimina sinais fluorescentes em uma escala submicrométrica, com 
intensidade de sinal suficiente em profundidades maiores (OHEIM et al., 2001). Com o 
método, é possível construir uma imagem tridimensional de ótima qualidade de uma 
região do córtex, por exemplo. Eventos sequenciais podem, ainda, serem gravados no 
mesmo espécime em períodos prolongados. Na neurociência, o uso do 2P-LSM tem 
permitido diversos estudos sobre o desenvolvimento do sistema nervoso, fisiologia 
celular, plasticidade, e degeneração neuronal (DIBAJ et al., 2011; KASISCHKE et al., 
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Estudar aspectos da biologia do glioma referentes à infiltração e ativação 




1. Desenvolver e validar um modelo animal para o estudo da interação glioma-
micróglia; 
 
2. Estudar o papel do canal de potássio Kv 10.1 na interação glioma-micróglia; 
 
3. Examinar os efeitos da supressão de Kv 10.1 sobre a injúria celular de gliomas 






















O atual preâmbulo discorre sobre a estrutura de apresentação dos resultados 
alcançados nos últimos quatro anos, relacionados ao desenvolvimento de nosso modelo 
animal e à pesquisa focada no canal de potássio Kv 10.1. Assim, estes resultados foram 
organizados em capítulos, sendo que cada capítulo corresponde a determinado artigo 
relacionado ao tema desta tese e que se correlacionam entre si. O primeiro capítulo trata 
do desenvolvimento do modelo GL261/CX3CR1 e dos avanços alcançados na análise da 
dinâmica da infiltração e ativação microglial no glioma. O seguinte trata da expressão do 
canal Kv 10.1 no modelo GL261/CX3CR1 e os demais ensaios que associam a expressão 
deste canal, pela micróglia, com a influência das células de glioma. O capítulo três enfoca 
os efeitos causados pela inibição de Kv 10.1 em células tumorais tratadas com 
temozolomida, quimioterápico de eleição para o tratamento do glioma. Por último, 
pontuamos as contribuições científicas geradas pelo estudo, bem como apresentamos as 
conclusões gerais acerca dos resultados obtidos durante o curso do meu doutorado. É 
importante lembrar que cada capítulo, como um artigo completo, já carrega sua própria 
discussão. Portanto, no intuito de deixar a leitura mais fluida, optamos por não criar um 
texto redundante sobre discussões gerais. 
Finalmente, em anexo, disponibilizamos um conjunto de trabalhos paralelos que 
foram desenvolvidos durante o tempo de doutorado, mas que não dizem respeito ao nosso 
tema principal. O primeiro e o segundo anexos são trabalhos que fizeram uso da 
tecnologia de RNAi direcionado às células de glioma, porém focados na enzima óxido 
nítrico sintase neuronal (nNOS). Trata-se de um artigo científico, submetido a periódico 
internacional que mostra os efeitos da inibição da nNOS na viabilidade celular do glioma, 
e de uma patente sobre as sequências de siRNAs e insertos utilizados no artigo anterior. 
O anexo três é um artigo focado também nas enzimas NO sintases, mas agora sob o ponto 
de vista de uma lesão no disco intervertebral. O anexo quatro é composto por dois 
capítulos de um livro eletrônico publicado pelo grupo de pesquisa, e pelos quais fui 







Capítulo 1 – Desenvolvimento e validação de um modelo 
animal para o estudo da interação glioma-micróglia 
Título do artigo: Evaluation of TgH(CX3CR1-EGFP) mice 
implanted with mCherry-GL261 cells as an in vivo model for 
morphometrical analysis of glioma-microglia interaction 
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Background. Glioblastoma multiforme is the most aggressive brain tumor. Microglia are 
prominent cells within glioma tissue and play important roles in tumor biology. This work 
presents an animal model designed for the study of microglial cell morphology in situ 
during gliomagenesis. It also allows a quantitative morphometrical analysis of microglial 
cells during their activation by glioma cells. Methods. The animal model associates the 
following cell types: 1- mCherry red fluorescent GL261 glioma cells and; 2- EGFP 
fluorescent microglia, present in the TgH(CX3CR1-EGFP) mouse line. First, mCherry-
GL261 glioma cells were implanted in the brain cortex of TgH(CX3CR1-EGFP) mice. 
Epifluorescence − and confocal laser-scanning microscopy were employed for analysis 
of fixed tissue sections, whereas two-photon laser-scanning microscopy (2P-LSM) was 
used to track tumor cells and microglia in the brain of living animals. Results. Implanted 
mCherry-GL261 cells successfully developed brain tumors. They mimic the aggressive 
behavior found in human disease, with a rapid increase in size and the presence of 
secondary tumors apart from the injection site. As tumor grows, mCherry-GL261 cells 
progressively lost their original shape, adopting a heterogeneous and diffuse morphology 
at 14 – 18 d. Soma size increased from 10 to 52 µm. At this point, we focused on the 
kinetics of microglial access to glioma tissues. 2P-LSM revealed an intense microgliosis 
in brain areas already shortly after tumor implantation, i.e. at 30 minutes. By confocal 
microscopy, we found clusters of microglial cells around the tumor mass in the first 3 
days. Then cells infiltrated the tumor area, where they remained during all the time points 
studied, from 6 to 18 days. Microglia in contact with glioma cells also present changes in 
cell morphology, from a ramified to an amoeboid shape. Cell bodies enlarged from 
366±0.0 µm2, in quiescent microglia, to 1310±146.0 µm2, and the cell processes became 
shortened. Conclusions. The GL261/CX3CR1 mouse model reported here is a valuable 
tool for imaging of microglial cells during glioma growth, either in fixed tissue sections 
or living animals. Remarkable advantages are the use of immunocompetent animals and 
the simplified imaging method without the need of immunohistochemical procedures.   
  






Previous studies about glioma biology revealed that microglia is the dominant immune 
cell within tumor mass, accounting for about 30% of the tumor cell content (WEI; 
GABRUSIEWICZ; HEIMBERGER, 2013). Glioma and microglia exert reciprocal and 
pro-tumorigenic influences (ZHAI; HEPPNER; TSIRKA, 2011). Glioma cells stimulate 
microglia to express genes that favor tumor growth. A well-known example is the 
membrane type-1 matrix metalloproteinase (MT1-MMP), that disrupts the extracellular 
matrix of brain tissues, opening anatomic spaces for tumor expansion (MARKOVIC et 
al., 2009). Glioma cells also influence microglia to present an activated alternative 
phenotype; activated microglia in turn expresses pro-tumorigenic receptors and cytokines 
(LI; GRAEBER, 2012; SZULZEWSKY et al., 2015).  
Studies on the role of microglia in glioma development have taken advantage of 
animal models and innovative microscopy techniques (DAI; HOLLAND, 2001; JACOBS 
et al., 2011; OH et al., 2014); (DONG et al., 2012; MADDEN et al., 2013; RANKIN; 
ZHU; BAKER, 2012). The TgH(CX3CR1-EGFP) is a mouse strain in which the 
fractalkine receptor gene (CX3CR1) was replaced by the green fluorescent protein (GFP) 
reporter gene (JUNG et al., 2000). CX3CR1 is a seven-transmembrane G-protein-coupled 
receptor that plays a role in leukocyte migration and adhesion (IMAI et al., 1997). 
Peripheral blood monocytes, subsets of natural killer cells (NK) and dendritic cells, and 
also microglia naturally express CX3CR1 (JUNG et al., 2000). This transgenic mouse 
strain (C57BL/6N background) can develop brain tumors when implanted with the 
GL261 cell line, an established model of glioblastoma multiforme (MAHER et al., 2001). 
GL261 cells do not require a suppressed immune system to generate tumors. Therefore, 
this feature simplifies the methodology and provides a model that represents various 
aspects of the human disease (AGNIHOTRI et al., 2013).  
Advanced imaging techniques are also important to follow brain tumor 
development and microgliosis. Regarding brain imaging, two-photon laser-scanning 
microscopy (2P-LSM) has brought significant improvements in the fields of neuroscience 
and oncology. First, the method allows fluorescence imaging of cells and tissues from 
living animals (RUBART, 2004). Indeed, the three-dimensional images captured by 2P-
LSM present a 100-fold increase in penetration depth compared with confocal 
microscopy. This advantage is especially important for images of brain tumors recorded 
in vivo (CENTONZE; WHITE, 1998; LEVENE et al., 2004).  
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This study reports on a glioma model dedicated to the study of microglial cells in 
tumor tissues. The model comprises a fluorescent glioma cell, mCherry-GL261, that was 
implanted in the cortex of TgH(CX3CR1-EGFP) mice with fluorescent microglia. This 
GL261/CX3CR1 model allowed analysis of microglia morphology during tumor growth 




This work was conducted at the University of Saarland in strict accordance to the 
European and German guidelines for the welfare of experimental animals under the 
license 65/2013, approved by the Saarland state’s “Landesamt fuer Gesundheit und 
Verbraucherschutz" in Saarbrücken/Germany.  
 
Cell culture 
This study used the mCherry-GL261 tumor cells (VINNAKOTA et al., 2013), a glioma 
cell line with expression of the fluorescent protein mCherry, kindly provided by Helmut 
Kettenmann (Max-Delbrück-Center for Molecular Medicine, Berlin, Germany). Cells 
were maintained on 75 cm3 culture flasks with DMEM/F12 [supplemented with 10 % 
(volume/volume) heat-inactivated fetal calf serum, and 1 % of penicillin/streptomycin 
solution, all obtained from Invitrogen (Karlsruhe, Germany)]. When the confluence 
reached about 90 %, the cells were harvested using 0.25 % Trypsin solution (Invitrogen, 
Karlsruhe, Germany). A pellet was formed by centrifugation at 1200 g for 3 min (Hettich 
Universal 30F, Tuttlingen, Germany). Cells were diluted in 1.0 ml PBS and counted in 
Moxi-Z (Orflo, Hailey, USA). Aliquots containing 5x104 cells in PBS were made and 
centrifuged at 1200 g for 3 min (Eppendorf MiniSpin, Hamburg, Germany). The pellet 
was re-suspended in 3 µL of PBS by gently mixing, and the 5 µL resulting solution was 
immediately injected into the mouse brain by using a microliter syringe (Hamilton) with 
a 25 gauge needle. 
Mouse line 
Adult TgH(CX3CR1-EGFP) heterozygous mice (JUNG et al., 2000) backcrossed to 
C57BL/6N background for more than 10 generations were maintained at a temperature 
and light controlled animal facility, and received food and water ad libitum.  
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Intracortical injections of mCherry-GL261 cells 
All animals were anesthetized with Ketamine/Xylazine (Bayer, Germany) (140 mg/10 
mg/kg body weight) by intraperitoneal injection. They had the top of head shaved, and 
the surgery site cleaned with iodine antiseptic. Bepanthen® cream (Bayer, Germany) was 
used to cover and protect the eyes. After proper mouse fixation in the stereotaxic 
instrument, a single skin cut of about 0.5 cm was performed by using scissors, followed 
by gently divulsion of the sub-cutaneous tissue. A 2.0 mm hand drill (Fine Science Tools, 
Heidelberg, Germany) was used to thin the skull at the injection site, approximately at 
2.0 mm posterior and 1.5 mm lateral of the bregma. Five microliters of the mCherry-
GL261 cell suspension (a total of 50.000 cells) were aspired with a micro-syringe and 
slowly injected, first 2.0 mm below skull surface into the cortex, and then the needle was 
pushed back 0.5 mm to inject the rest of the volume. About 5 min were spent to complete 
the injection and two additional min for totally removing of the needle. The sub-cutaneous 
tissue was gently washed with NaCl, 0.9 % and the skin closed with simple interrupted 
sutures. Iodine antiseptic was applied on the suture after the surgery to prevent infections. 
Immediately afterwards, the mice were kept on a heating plate until woken up. To release 
the pain, buprenorphine (0.09 g/30 g body weight) was administrated after the surgery 
and at the following day. Once the tumor cells were injected, the mice were housed 
individually in the same conditions as described before. For in vivo imaging, the 
procedure to inject the glioma cells was the same. However, after injection a cranial 
window was formed in the same area, to acquire the images as described below. Mice, 
which received injections of mCherry-GL261 cells, were daily monitored for weight and 
clinical status. If an animal’s weight dropped 15% below the baseline or became 
symptomatic, it was euthanized. 
Cranial window surgery 
The procedures were carried out under anesthesia initiated by Ketamine/Xylazine (Bayer, 
Germany) (140 mg/10 mg/kg body weight). Afterwards mice were placed on a heating 
pad, heads were stabilized in a stereotactic frame using ear bars, artificial ventilation was 
continued with a gas mixture of O2 (50%), and N2O (50%) at 120 strokes/min (100-160 
µl/stroke depending on the body weight). A longitudinal incision of the skin was 
performed between the occiput and the forehead. The subcutaneous membrane was 
completely removed. A 0.5 mm hand drill (Fine Science Tools, Heidelberg, Germany) 
was used to thin the skull and to open a 5.0 mm diameter window, approximately at 2.0 
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mm posterior and 1.5 mm lateral of the bregma. The dura mater was continuously rinsed 
with artificial cerebro-spinal fluid: 125 mM NaCl, 25 mM NaHCO3, 2.5 mM KCl, 1.25 
KH2PO4, 1 mM MgCl2, 2 mM CaCl2*H2O and 10 mM glucose. To cover the window and 
make the surface flat, a 5.0 mm cover glass (Thermo-Scientific, Germany) was fixed by 
Self-Adhesive Resin Cement ESPE RelyX U200 (3M, Seefeld, Germany). In addition, 
the head was rigidly fixed with a custom-made clamp. The rectal body temperature was 
measured and kept between 36 and 38°C by a heating plate. The depth of anesthesia was 
tested by provoking the corneal reflex and reactions to noxious stimuli. 
Microscopic analysis 
Photographic overview images were captured using an epifluorescence microscope Axio 
Imager Z2 (Zeiss, Oberkochen, Germany) equipped with a 5x objective. Confocal images 
were taken using a laser-scanning microscope LSM-710 (Zeiss, Oberkochen, Germany) 
with appropriate excitation and emission filters. Z-stack images were taken at 0.8–2.0 µm 
intervals and processed with the ZEN software (Zeiss, Oberkochen, Germany). All data 
were collected from three randomly selected pictures, from three different slices of at 
least three mice per group. 
Morphometric analysis of microglia based on skeletonization, 
measurement of cell length, soma size and Iba1 expression  
This study carried out a morphometrical analysis of microglial cells present in brain tumor 
tissues (region 2, tumor border, and region 3, tumor core) in comparison with the 
contralateral non-inoculated hemisphere (region 1). First, the number of microglial cells 
was counted in each region. Data included confocal stacks (n=14) of 0.8–2.0 µm intervals 
of each individual cell, present in three randomized images of each region, in four 
animals. In addition, an immunohistochemical detection of Iba1 (ionized calcium binding 
adaptor molecule 1), a marker of microglia / macrophage, was carried out. For that, slices 
were first treated with a blocking solution (0.3 % Triton X-100 and 5.0 % horse serum in 
PBS) for 1 h at room temperature (RT). They were incubated with primary antibody to 
Iba1 (1:500, polyclonal, rabbit – Wako Chemicals, Neuss, Germany) at 4.0 °C overnight, 
then washed 3 times in PBS. The fluorescent secondary antibody (AlexaFluor® 633–
labeled anti-mouse IgG, Invitrogen, Grand Island NY, USA), diluted 1:2000 in 2.0 % 
horse serum in PBS, was incubated for 2 h at RT. After that, sequences of 14 stacks were 
evaluated by using the ZEN Software to determine the mean intensity value. 
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For skeletonization, first, images from brain regions were acquired with a confocal 
microscope. Maximum intensity projections were treated to remove background noise. 
The images were converted to binary, presented to skeletonization, and analyzed by the 
ImageJ plugin AnalyzeSkeleton (ARGANDA-CARRERAS et al., 2010). The parameter 
end points express the complexity of microglial cell structure. It corresponds to branch 
ends, determined by voxels with less than two neighbors (FONTAINHAS et al., 2011; 
ORR et al., 2009; STENCE; WAITE; DAILEY, 2001). To measure the soma size, 
sequences of 14 stacks were examined with the ZEN Software (Zeiss, Oberkochen, 
Germany). Each microglial soma was marked with Spline contour tool, which revealed 
the area in µm². Finally, the total length of each microglia was quantified, with the 
maximum intensity projections, by using the ImageJ plugin ROI manager.  
Two-photon laser-scanning microscopy and image acquisition 
High resolution in vivo imaging was performed using a custom-made 2P-LSM equipped 
with fs-pulsed titanium-sapphire laser (Chameleon Ultra II; Coherent, USA). For 2P-
recordings, a Zeiss W Plan Apochromat 20× (NA 1.0) water immersion objective was 
used. Laser excitation was set at 895±5 nm for EGFP and mCherry detection. Emitted 
light was split by a 520 nm longpass dichroic mirror (Semrock, Rochester, USA) and 
collected by photo-multiplier tubes (Hamamatsu, Japan) through two bandpass filters: a 
494±20.5 nm (FF01-494/41-25) and a 542±25 nm (FF01-542/50-25 (Semrock). In 
parallel, uniformly spaced (1.5 to 2.4 µm) planes of 100*100 to 600*600 µm2 regions 
were recorded, digitized and processed to obtain z-stacks of images (256×256 to 
1024×1024 pixels in size). Voxel sizes ranged from 0.2×0.2×1.5 to 1.17×1.17×2.4 µm 
for the xyz-axes. Recordings of, at most, 100 µm stack depth were obtained. 
Statistical analysis 
All data were analyzed by using the Statistical Package for Social Sciences (IBM SPSS 
Statistics for Windows, Version 20. Armonk, NY) and expressed as mean ± standard error 
of the mean. We used the one-way analysis of variance (ANOVA) followed by Tukey’s 
test to test intergroup differences. Differences between pairs of experimental groups were 




In this study, we evaluated a mouse model designed to monitor the microglial infiltration 
into tumor tissues and, in addition, being able to track changes in the morphology of 
microglia under glioma influence. All TgH(CX3CR1-EGFP) immunocompetent mice 
(n=24) developed brain tumors within 3 to 18 days after intracortical injections of 
mCherry-GL261 glioma cells. This GL261/CX3CR1 model revealed the pattern of 
microglial infiltration into glioma tumor mass, in terms of changes in cell shape and 
counting, and provided data for morphometrical analysis of activated microglia.  
Analysis of microglial cells infiltration during glioma growth 
First, our GL261/CX3CR1 model allowed imaging of microglia and glioma cells, easily 
discriminated by specific fluorescence. Intracortically implanted mCherry-GL261 cells 
formed clusters of red-fluorescent glioma cells, as shown in Figure 1. Green-fluorescent 
microglia interacted with these tumors, as examined at 3, 6 and 18 dpi Microglial cells 
presented a time- and space-dependent pattern of infiltration into developing tumor areas. 
In sections examined three days after inoculation, we identified microglial cells next to 
mCherry-GL261 cells (Fig. 1 A and D). The density of microglia close to developing 
glioma was higher in comparison with other brain regions. Indeed, all cells avoided to 
cross the tumor borders. However, six days after tumor injection, many activated 
microglial cells had infiltrated the tumor mass (Fig. 1 B and E). Some activated microglia 
also remained growing around the tumor, in close contact with glioma cells. At 18 dpi, 
we found an increased number of microglial cells into the enlarged and diffuse mass of 
glioma cells (Fig. 1 C and F).  
 The mCherry-GL261 cells used in our model mimicked the typical aggressive 
behavior also reported in patients with glioblastoma multiforme. Tumor cells rapidly 
grew and infiltrated surrounding tissues. As shown in Figure 1 C, at day 18 the tumor 
mass compressed the left hippocampus, deforming regions CA1, CA2, CA3, and the 
dentate gyrus. Implanted mCherry-GL261 cells also developed secondary tumors apart 
from the main tumor mass, formed by cell migration or metastasis. They were present in 
the border of left lateral ventricle in the early 3 dpi (Fig. 1 A, red arrow). Secondary 
tumors also appeared at 6 dpi in the margins of the right lateral ventricle (Fig. 1 B, red 
arrows). Finally, a more prominent mass apart from the injection site developed next to 




Figure 1. Epifluorescence imaging (A) 3, (B) 6 and (C) 18 dpi reveals tumor growth and metastasis. 
Coronal sections of a TgH(CX3CR1-EGFP) mouse brain implanted with mCherry-GL261 cells. (A and D) 
Glioma cells infiltrated the cortex and surrounding areas; red arrow (A) points to a secondary tumor in the 
left ventricle. Injection site three dpi of mCherry-GL261 cells, showing an intense microgliosis around the 
tumor tissue. (B and E) red arrows (B) point to secondary tumors in the right ventricle. Microglial 
infiltration in tumor core 6 days after injection, while microgliosis remained present in tumor border. (C 
and F) An enlarged and diffuse mass of glioma cells developed 18 dpi, including metastasis in the 
hypothalamus (red outlined arrow, C). Epifluorescence imaging in A, B and C, confocal microscopy of the 
region indicated by white boxes in A – C in D, E and F. Scale bars: (A − C), 500 µm; (D − F), 100 µm. 
 
Tracking microglial morphological changes and quantitative cell 
analysis during their infiltration into the tumor mass  
The present GL261/CX3CR1 glioma model also allowed imaging of microglial cells present in 
tumor areas for analysis of morphology and cell density. Confocal microscopy successfully 
captured cell fluorescences, organized in stacks of images from fixed brain slices mounted on 
glass slides. We first focused on cells present in non-inoculated brain regions, like region 1 (Fig. 
2 A, C, and F). These surveilling microglia showed a ramified morphology, with a small cell body 
and fine processes. In contrast, cells near the tumor regions assumed an amoeboid shape, a sign 
of microglial activation. Cell bodies were enlarged and the cellular processes displayed reduced 
lengths and ramifications. Amoeboid cells were present either on the borders as shown in region 
2 (Fig. 2 A, D, and G) or infiltrated into the tumor core, region 3 (Fig. 2 A, E, and H) at 14 dpi.  
Our model also allowed to quantify microglial cell numbers in regions 1, 2, and 3. Both 
tumor regions (border and core) presented a higher number of microglial cells in comparison with 
the contralateral brain hemisphere (Fig. 2 B, p < 0.05). In addition, cell density was significantly 
higher in the core region of tumors compared to the borders. These results reinforced the notion 





Figure 2. Analysis of microglial cells shows morphological changes depending on their location towards 
the tumor tissue. (A) Coronal section of a TgH(CX3CR1-EGFP) mouse brain implanted with mCherry-
GL261 cells at 14 dpi. White boxes indicate the following regions in analysis: 1 − contralateral hemisphere 
(control non-implanted site); 2 − tumor border and; 3 − tumor core. (B) Quantitative analysis of microglia 
cell numbers in regions 1 – 3, showing an increased number of microglial cells in tumor regions 2 and 3 
(border and core, respectively) in comparison with the control region 1 (p < 0,05). In addition, the number 
increase also in the core compared to the border tumor region. (C – E) Higher magnification of the brain 
areas 1 – 3 (white squares) in (A); maximum intensity projections acquired by confocal microscopy. (F – H) 
Magnified views of single cells (white boxes in C – E) to show details in cell morphology. In the presence 
of glioma cells, microglial morphology changes from a ramified (C and F) to an amoeboid shape in the 
tumors border (D and G) and core (E and H). Scale bars: (A), 500 µm; (C − E), 20 µm; (F − H), 10 µm.   
 
Longitudinal measure of microglial activation and morphometrical 
analysis of microglia during the infiltration into tumor mass  
We examined microglial cells at 14 dpi to quantify parameters of microglial activation. First, we 
confirmed that EGFP-positive cells of the GL261/CX3CR1 glioma model express Iba1 (Fig. 3 A 
- C). Iba1 is a marker of microglia/macrophages and can also indicate the activated status of 
microglia. Iba1 expression was higher in tumor regions in comparison with the contralateral 
hemisphere. The mean intensity values of anti-Iba1 were 611.4±49.0 and 453.0±6.0 in tumor 
border (Fig. 3 E) and tumor core (Fig. 3 F), respectively, in comparison with 24.8±2.8 found in 
non-inoculated sites (Fig. 3 D and G; p < 0.05).     
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To quantify the changes in microglial morphology, we used maximum intensity 
projections of confocal images (EGFP channel). We first determined the number of endpoints per 
cell, that represents the branch ends. Microglial cells in the border or the tumor core showed less 
end points (35.7±3.1 and 26.0±0.5, respectively) in comparison with those in the contralateral 
control hemisphere (108.0±16.8) (Fig. 3 H; p < 0.05). Microglial cells in the tumor core region 
also showed an enlarged soma size (1310±146.0 µm²) in comparison with those in tumor borders 
and the contralateral hemisphere (661±37.4 µm² and 366±0.0 µm², respectively) (Fig. 3 I; p < 
0.05). Finally, the cell perimeter lengths in tumor regions (74.3±7.0 µm in tumor center and 
86.7±13.4 µm in the border) were smaller than those found in the contralateral control site 
(268.0±38.8 µm) (Fig. 3 J; p < 0.05).  
In summary, our morphometric results showed that microglial cells apart from glioma 
tissues have a more ramified morphology. They present a higher number of thin processes 
extending away from their small soma. When growing next to tumor regions, cells reduced the 
number of processes and enlarged their soma, assuming a typical amoeboid shape. These data 





Figure 3. Quantitative morphometrical analysis of microglial activation during glioma growth reveals 
regional differences between core, border and control regions. Images from cortical regions implanted with 
glioma cells at 14 dpi. (A) Endogenous EGFP fluorescence in microglial cells (red arrowheads) in the tumor 
core in relation to (B) GL261 cells labeled with mCherry (white circle) were immunopositive for the 
microglial/macrophage marker Iba1 (C, red arrowheads). (D – F) EGFP channel of representative slices 
showing morphological changes in microglia, from the non-inoculated region 1 (D) to the tumor regions 2 
(E) and 3 (F). In (D), a set of parameters for morphometrical analysis of individual microglial cells is 
represented as follows. Blue filled in red outline: mean intensity value of Iba1 expression (G); End points, 
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the ImageJ plugin processed Skeleton tags of all pixel/voxels in a skeleton image. All junctions were 
classified in different categories depending on their 26 neighbors. When they had less than 2 neighbors, 
they were counted as end-points voxels (H); Red contour: soma size measured in µm² (I); yellow contour: 
total perimeter length in µm (J). Data were expressed as mean ± SEM. (*p < 0.05 statistical significance, 
ANOVA one way followed by Tukey’s test). Scale bar: 20 µm. 
 
Tracking the time-course of microglia and glioma cell interactions  
The time-course of microglial growth in tumor regions was examined by confocal laser 
scanning microscopy at 3, 6, 9, 12, 14, and 18 dpi (Fig. 4 A – R). At 3 dpi, we found 
activated microglia (in green) surrounding glioma mCherry-GL261 cells without 
infiltrating the tumor mass (Fig. 4 A, B, and C). From 6 to 18 dpi, green fluorescent 
microglial cells infiltrated the tumor mass (in red), as shown in merge images of Fig. 4 F, 
I, L, O, R. Indeed, cells in close contact with glioma presented a typical activated 
morphology, with amoeboid shape and pseudopodia (Fig. 4, right column).  
Diameter and mean intensity value of glioma cells were determined by using the 
ImageJ plugin ROI. For each time point, 10 cells (mCherry channel) per image, of three 
animals were randomly analyzed. mCherry-GL261 tumor cells displayed significant 
differences in cell morphology during their growth. At 3 dpi, they showed similar sizes 
and shapes, presenting a uniform and round shaped morphology (Fig. 4 B); diameters of 
cell bodies ranged from 10 to 20 µm. Tumors increased in size in later stages, and glioma 
cells assumed clear morphological changes, as occurred at 14 dpi (Fig. 4 N). The tumor 
core contained a population of cells heterogeneous in size and morphology; at this stage, 
diameters of glioma cell bodies varied from 14 to 52 µm. Cells also differed in 
fluorescence intensity as the tumor grows, ranging from 167 at 3 dpi to 626 at 14 dpi. In 
addition, we found an another cell type in tumor region at 12 dpi. They were 
polycariocytes, i.e. multinucleated cells, with a bizarre nuclei structure and enlarged 









Figure 4. Observation of microglial and tumor cells reveals morphological changes in the core during 
gliomagenesis. (A – R) Time-course of glioma growth in mouse brain implanted with mCherry-GL261 
cells 3, 6, 9, 12, 14 and 18 days after mCherry-GL261 injection in adult TgH(CX3CR1-EGFP) mice shown 
as maximum intensity projections of the tumor core. Channels are represented by endogenous fluorescence 
of EGFP in microglia (left column), mCherry in GL261 glioma cells (middle column) and merge (right 
column). As shown in K and L (red arrow), a polycariocytes cell appeared at 12 dpi. Scale bar: 20 µm. 
 
In vivo imaging by 2P-LSM reveals the kinetics of microglial interaction 
with glioma cells 
The GL261/CX3CR1 model proposed in our study also provided brain tumor images of 
living animals. A 2P-LSM microscopy captured the fluorescence emitted by microglia 
and glioma cells during tumorigenesis, allowing an intravital- and noninvasive imaging. 
First, we could track the early stages of microglial activation. Already 30 min after 
injection, we noted microglia (Fig. 5 A) in close contact with mCherry-GL261 cells (Fig. 
5 B and C, white triangles showing glioma cells). At 36 h, microglial cells presented 
different morphologies, as shown in Figure 5 D, squares. Some cells were typically 
amoeboid (Fig. 5 D, orange outlined square); others had a ramified morphology, with 
small processes (Fig. 5 D, white outlined square).  
Regarding mCherry-GL261 cells, they infiltrated into the brain parenchyma and, 
in addition, were present at the margins of blood capillaries (Fig. 5 E and F, white arrows). 
This anatomic location favors the metastatic behavior of glioma cells cited above (see 
Fig. 1 C). At 36 h after injection, microglia remained growing in close contact with tumor 




Figure 5. Two-photon laser-scanning microscopy (2P-LSM) reveals cellular responses of microglia to 
tumor injections in vivo in TgH(CX3CR1-EGFP) mice. (A - C) Microgliosis around the tumor injection 
site (circle), 30 min after implantation. White triangles point to mCherry-GL261 cells infiltrating the brain 
cortex. (D – F) At 36 h, microglial cells presented either a typical amoeboid shape (orange squares, D) or 
a ramified morphology, with a small cell body and long processes (white squares, D). mCherry-GL261 
cells were present in capillary borders, suggesting a route for cancer cell spreading (white arrows, E and 
F). (G – I) Microglia remained infiltrated and in close contact with tumor cells, suggesting a cell-cell 
communication during tumor growth. Scale bars: (A − F), 50 µm; (G − I), 20 µm. 
 
Discussion 
Glioblastoma multiforme (GBM) is the most aggressive and difficult to treat brain tumor 
(OSTROM et al., 2013; STUPP et al., 2007). To better understand glioma biology, studies 
have taken advantage of various animal models (AGNIHOTRI et al., 2013; CHEN; 
MCKAY; PARADA, 2012; MAHER et al., 2001). The cell line GL261 is a well-
established model of GBM, developed in 1939 by chemical induction with 
methylcholanthrene in C3H mice (ARNOLD M. SELIGMAN, M. J. SHEAR, 1939). 
Injection of GL261 tumor fragments in a syngeneic host caused a glioma. A permanent 
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GL261 cell line was obtained in the 1990s (AKBASAK; OLDFIELD; SARIS, 1991). 
Since then, GL261 cells have been used in research about immunotherapy and, in 
addition, in many studies addressing tumor biology (MAES; VAN GOOL, 2011). The 
orthotopic GL261 mouse model displays key features also found in human GBM. Cells 
are similar in morphology, invasive behavior and histopathological markers, presenting 
mutations and deregulated signaling pathways (JACOBS et al., 2011; OH et al., 2014). 
In our study, mCherry-GL261 cells injected into brain areas showed the typical 
aggressive and metastatic behavior found in patients with GBM. Three days after 
injection, we could note a mass of cells developing rapidly (Fig. 1). In the following days, 
tumor mass increased in size, compressing the hippocampus. Indeed, it spread cells to 
form secondary tumors in brain areas distant from the injection site, like the hypothalamus 
(Fig. 1 C, arrow). mCherry-GL261 cells were also found next to capillaries, suggesting 
blood vessels were used to spread tumor cells (Fig. 5 E and F).   
Besides recapitulating most features of human GBM, the GL261 glioma model 
also presents a remarkable experimental advantage − tumor grows in immunocompetent 
animals (OH et al., 2014). Considering the biological question addressed in our study, 
this feature was strikingly relevant. We could examine the role of cells of the innate 
immune system, the microglia, in gliomas growing without immunosuppression. GL261 
cell line used in our work was developed to express the mCherry fluorescence 
(VINNAKOTA et al., 2013). In a previous work, mCherry fluorescence was also applied 
to mark glioma cells. As the authors chose the U251 line, they had to use an 
immunosuppressed mouse line (VERREAULT et al., 2011).     
Imaging of microglial cells was a critical issue in our study. In our model of 
glioma, we chose the TgH(CX3CR1-EGFP) mouse line, based on immunocompetent 
animals engineered to show fluorescent microglial cells. This mouse line was previously 
used to address the role of microglia in spinal cord development, during 
neurodegeneration and the early aspects of inflammatory response in the central nervous 
system (CĂTĂLIN et al., 2013; DIBAJ et al., 2010; RIGATO et al., 2011). Regarding 
gliomas, the TgH(CX3CR1-EGFP) mouse strain was used to investigate aspects of tumor 
biology, like the role of CX3CR1 receptors in malignant glioma and a preclinical rationale 
for the development of stroma-directed glioma therapies in children (LIU et al., 2008, 
2011; PONG et al., 2013).  
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Rio-Ortega was the first to recognize microglia as a distinct population of cells in 
the central nervous system. He found that microglia respond to brain injury by migrating 
to sites of tissue damage, where cells presented marked changes in their morphology 
(RIO-HORTEGA, 1932). In our GL261/CX3CR1 model, microglial cells expressing 
EGFP allowed us to analyze and quantify that morphological changes described by Rio-
Hortega, but now during glioma development. In addition, the model allowed us to track 
microglial migration toward the tumor mass, and to examine the respective changes in 
cell morphology. The surveilling microglia − with a ramified shape and found in non-
inoculated areas − can become activated in tumor regions, adopting amoeboid shape.  
Activation of microglia is an important change for restoring tissue integrity after 
injury of healthy tissues. This activation response will rapidly mitigate local infection or 
cell damage. During glioma development, however, microglia present a distinct role. 
Instead of starting the expected anti-tumor response, microglial cells switch to a pro-
tumorigenic alternative phenotype. In such conditions, microglia contributes to tumor 
growth, invasion, and angiogenesis. Activated microglia also cause immunosuppression 
by releasing cytokines/chemokines and extracellular matrix proteases (ALOISI, 2001; 
DA FONSECA; BADIE, 2013). This “Janus face” of microglia during gliomagenesis is 
still poorly understood. That results, in part, to the lack of methods able to quantify 
microglia activation longitudinally, in growing glioma tissues. Our study confirmed that 
expression of Iba1, enhanced in activated microglia, increases in tumor areas. It is a 
simple method to survey the cell activation in fixed brain tissues. In addition, our model 
also presents some advantages. It enables to examine the dynamics of microglial 
activation, related to changes in morphology and pattern of infiltration, after their 
recruitment by glioma. mCherry-GL261 cells induced changes in microglial morphology 
to an activated amoeboid shape. Amoeboid microglia interacted with glioma cells since 
the early stages of tumor growing, when glioma cells have shown a homogeneous shape. 
This close contact remained until the last time point of our study, 18 dpi, in which glioma 
tumor cells presented a highly diverse and diffuse morphology. A previous work has also 
reported the same change in microglia morphology in contact with glioma tumor, in brain 
sections obtained 15 dpi (GABRUSIEWICZ et al., 2011). Indeed, results (as shown in 
Fig. 2 B) corroborated the author’s finding that tumor areas presented a higher microglial 
density compared to control brain hemispheres.  
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Previous studies with the same GL261 mouse model have examined how 
microglia interact with glioma cells to affect tumor growing. Glioma cells could influence 
microglia to express a membrane type 1 metalloprotease, which contributed to tumor 
expansion (MARKOVIC et al., 2009). The authors organized serial images of tumor brain 
areas to achieve a 3-dimensionally picture of microglial cells growing around an inside 
tumor mass. A further study explored the effects of ganciclovir, a drug that reduced 
microglia cell number in tumor tissues. The treatment caused a marked decrease in tumor 
growing, confirming that microglia contributes to gliomagenesis (RIVEST, 2009). In 
common, both studies used a mouse model based on GFP-expressing GL261 cells. In 
addition, they detected microglial growing and tumor infiltration by Iba1 
immunofluorescence. In our study, we also identified a pattern of microglia migration 
toward the tumor mass. First, activated microglia growth around the tumor mass, then the 
cells infiltrated the tumor tissue. Taking together, these data revealed that microglia and 
glioma cells grow in a well-organized and close spatial relationship during gliomagenesis.   
Two-photon laser scanning microscopy (2P-LSM) has brought several advantages 
for intravital imaging of fluorescent cells (RUBART, 2004). Compared to confocal 
microscopy, the method offers a 100-fold increase in penetration depth, which is valuable 
for studies addressing brain tissues (CENTONZE; WHITE, 1998; LEVENE et al., 2004). 
Also, 2P-LSM discriminates fluorescent signals at a submicrometer scale, with enough 
signal intensity at increased depth in brain tissues (OHEIM et al., 2001). As the method 
offers a true three-dimensional imaging in a living organism, sequential events can be 
recorded in the same specimen at extended periods. In neuroscience, 2P-LSM has allowed 
studies on nervous system development, cell physiology, plasticity, and neuron 
degeneration (DENK et al., 1994; DIBAJ et al., 2011; KASISCHKE et al., 2004; 
LICHTMAN; FRASER, 2001; LÜTCKE; HELMCHEN, 2011; SVOBODA; TANK; 
DENK, 1996). Intravital microscopy of rodents engineered to express cell-specific 
fluorescence has provided valuable insights into mammalian biology and the mechanism 
of diseases (HIRRLINGER et al., 2005; NOLTE et al., 2001; WEIGERT; PORAT-
SHLIOM; AMORNPHIMOLTHAM, 2013). In this study, the non-invasive 2P-LSM 
enabled an in vivo imaging of activated microglia in brain tumors of living animals. We 
found activated microglia contacting glioma cells shortly after tumor seeding. In 30 





The present work evaluated a GL261/CX3CR1 model, dedicated to study microglial 
interaction with glioma tumors. The preparation allowed to track many features of 
microglial activation by glioma cells, and revealed new insights into cell-cell 
communication in an immunocompetent mouse. Microscopy techniques and new 
approaches for imaging analysis provided a quantitative assessment of microglial 
activation and migration toward the tumor mass. GL261/CX3CR1 revealed the close 
contact between microglia and glioma cells, from imaging techniques that present many 
advantages. Cell-cell interaction was monitored: 1- longitudinally; 2- in locus; 3- with 
cellular resolution; 4- from fixed tissues or living animals; 5- without the need of 
immunodetection; 6- on timescales from minutes to weeks. In our evaluation, the method 
provides a rapid unbiased technique, enabling analysis of large datasets of imaging 
volumes taken at multiple time-points. In conclusion, GL261/CX3CR1 is a valuable 
model for studies about glioma-microglia interactions.   
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Glioblastoma multiforme matches for 70% of all adult malignant primary brain tumors 
(OSTROM et al., 2013). The tumor present the highest malignancy grade, level IV, with 
a median survival time of about 15 months (MCLENDON; HALPERIN, 2003; STUPP 
et al., 2009). Therapeutic choices for patients with glioma are risky and limited. As tumor 
grows within brain tissues, surgical ablations represent an increased harm, and recurrence 
commonly occurs (WATKINS; SONTHEIMER, 2012). Indeed, chemotherapy and 
radiation may fail because of cancer cell resistance (NAGASAWA et al., 2012; RICARD 
et al., 2012). Studies on glioma biology reveal that microglia is the dominant immune cell 
within tumor mass and account for 30% of the tumor cell content (WEI; 
GABRUSIEWICZ; HEIMBERGER, 2013). Glioma and microglia exert reciprocal and 
pro-tumorigenic influences (ZHAI; HEPPNER; TSIRKA, 2011). Glioma cells stimulate 
microglia to express genes that favor tumor growing.  
Microglial responses under glioma influence are affected by the activity of 
potassium channels (KETTENMANN et al., 2011). Gliomas present an increased 
expression of the Kv 10.1 potassium channel. In addition, both glioma and microglia 
express the Kv 10.1 related gene product (ERG) (CAYABYAB; SCHLICHTER, 2002; 
PATT et al., 2004; ZHOU, 1998). Another voltage-gated potassium channel involved in 
microglial physiology is the Kv 1.3. Microglia expresses this channel in response to brain 
injury caused by radiation, and a specific Kv 1.3 blocker could restrain microglia 
activation (PENG et al., 2014). The channel also allows microglia to be activated by pro-
inflammatory stimulus like lipopolysaccharides (PANNASCH et al., 2006). In a recent 
work, D’Alessandro et al. (2013) found the potassium channel KCa 3.1 contributing to 
both glioma invasiveness and activation of microglia. Therefore, the present work was 
aimed to investigate the role of Kv 10.1 in the reciprocal influences between glioma cells 




This work was conducted at the University of Saarland in strict accordance to the 
European and German guidelines for the welfare of experimental animals under the 
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license 65/2013, approved by the Saarland state’s “Landesamt fuer Gesundheit und 
Verbraucherschutz" in Saarbrücken/Germany.  
Cell culture 
This study used the mCherry-GL261 tumor cells (VINNAKOTA et al., 2013), a glioma 
cell line with expression of the fluorescent protein mCherry, kindly provided by Helmut 
Kettenmann (Max-Delbrück-Center for Molecular Medicine, Berlin, Germany) and 
microglia cell line BV-2, purchased from BCRJ (Rio de Janeiro, Brazil). Cells were 
maintained on 75 cm3 culture flasks with DMEM/F12 [supplemented with 10 % 
(volume/volume) heat-inactivated fetal calf serum, and 1 % of penicillin/streptomycin 
solution, all obtained from Invitrogen (Karlsruhe, Germany)]. When the confluence 
reached about 90 %, the cells were harvested using 0.25 % Trypsin solution (Invitrogen, 
Karlsruhe, Germany).  
Mouse lines 
Adult C57BL/6N and TgH(CX3CR1-EGFP) heterozygous mice (JUNG et al., 2000) 
backcrossed to C57BL/6N background for more than 10 generations were maintained at 
a temperature and light controlled animal facility, and received food and water ad libitum.  
Immunohistochemistry for Kv 10.1 and nucleus staining. After tumor 
implantation, as cited by Resende, et al (2016), three animals were deeply anesthetized 
by injection of a mixed solution of ketamine (1.4 %) and xylazine (0.2 %) (5.0 ml/kg 
body weight) and intracardially perfused with 4.0 % paraformaldehyde (PFA) in 0.1 M 
phosphate buffer (pH = 7.4). After perfusion, the tissue was post-fixed in PFA for 24 h at 
4.0 °C. Brains were washed in PBS and cut with a vibrotome VT1000S (Leica, Nussloch, 
Germany) to prepare free-floating brain slices of 40 μm. Slices were treated with a 
blocking solution (0.3 % Triton X-100 and 5.0 % horse serum in PBS) for 1 h at room 
temperature (RT). They were incubated with primary monoclonal antibody mAb62 anti-
Kv 10.1 (mouse, 1:500) overnight at 4.0 °C. Then, brain slices were washed 3 times in 
PBS and incubated with the fluorescent secondary antibody (1:2000) diluted in the 
secondary antibody solution (2.0 % horse serum in PBS) for 2 h at RT. AlexaFluor® 633–
labeled anti-mouse IgG antibody, and AlexaFluor® 488–labeled anti-mouse IgG antibody 
(Molecular Probes) was used as secondary antibodies. For nucleus staining, TO-PRO-3 
were added before the last wash step. Then, confocal images were taken using a laser-
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scanning microscope LSM-710 (Zeiss, Oberkochen, Germany) with appropriate 
excitation and emission filters. Z-stack images were taken at 0.8–2.0 µm intervals and 
processed with the ZEN software (Zeiss, Oberkochen, Germany). All data were collect 
from three randomly selected pictures, from three different slices from at least three mice 
per group. 
Preparation of Conditioned Medium of Glioma (CMG). Glioma cells were 
maintained with DMEM in 25 cm³ culture flasks at 37 °C in a 5 % CO2 atmosphere for 
24 h. Conditioned mediums were centrifuged to remove debris and dead cells, filtered 
and immediately used in the experiments. 
RNA isolation, synthesis of cDNA and RT-qPCR. Monolayer cell cultures 
were grown in six well plates with a density of 6x105 cells per well. Total RNA was 
extracted with the RNeasy Mini Kit following the manufacturer’s instructions, and 
quantified by fluorometry. The cDNA synthesis was performed from 1000 ng total RNA, 
by using oligo (dT). RT-qPCR reaction was carried out in QuantStudio 12K Flex™ Real-
Time PCR System. The forward and reverse primers for Kv 10.1 were 5‘– 
TTGGAGATGTGTTCTGGAAGGAA – 3' and 5' – AGGGCATCCCGCTTGATC – 3'. 
For the reference gene, we used the poly(A) polymerase alpha (PAPOLA) primers 5' – 
GCTACGAAGACCAGTCCATTG – 3' and 5' – TGTTGGTCACAGATGCTGCT – 3'. 
Amplification products were detected via intercalation of the fluorescent dye Fast SYBR 
Green. ΔΔCt relative quantification method was used to express the Kv 10.1 mRNA 
content. 
Cell viability. Cell viability was determined by the MTT method. Briefly, 10000 cells 
were cultivated in 96-well plates. After each experimental condition, the cells were 
incubated with 15 µL MTT (5 mg/mL in DMEM) for 4 h at 37 °C. The medium was 
removed, and 150 μL of DMSO was added to each well to dissolve formazan crystals. To 
quantity formazan product, we used a microplate reader calibrated to read the absorbance 
at 595 nm. All experiments were performed in triplicate.  
Immunocytochemistry. For detection of Kv 10.1, GL261mCherry and BV-2 
microglia cells (1x105) were first cultured on coverslips in 24-well plates. Then, they were 
fixed with 4 % p-formaldehyde for 5 min, and permeabilized with 10 % Triton X-100 in 
PBS for 10 min. Then, were mounted and observed in a fluorescence microscope. 
Nonspecific binding was blocked with 5 % serum Horse in PBS for 1 h. We used the 
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previously described Kv 10.1 monoclonal antibody anti-Eag1.62.mAb. This primary 
antibody (1 µg/mL) was diluted 1:1000 and incubated overnight at room temperature. 
AlexaFluor® 488 labeled anti-mouse IgG antibody was used as a secondary antibody. Cell 
nucleus was labeled with Hoechst 33342 dye or TO-PRO-3. The coverslips were mounted 
and observed in a fluorescence microscope. 
 
Results and Discussion 
In the present study, the expression of Kv 10.1 potassium channel in glioma cells was 
examined by using confocal microscopy with mAb62 antibody. We first investigated 
whether Kv 10.1 was expressed in glioma cells in culture. As shown in Fig. 1 D, Kv 10.1 
channels (in green) were abundantly expressed by GL261-mCherry cells (in red). 
Confocal laser-scanning images suggests channel location in the plasma membrane, 
where they exert their physiological role in potassium ion flux. Negative controls are 
represented by assays without mAb62 primary antibody (Fig 1 E) 
 
 
Figure 1. Expression of Kv 10.1 in glioma cells (GL261mCherry) in culture. Confocal microscopy with 
Kv 10.1 mAB-62 antibody in cultured. In first row, immunocytochemistry showing (A) Kv 10.1; (B) 
GL261; (C) To-Pro 3 staining cell nucleus; (D) merge image with Kv 10.1 (green), glioma cells (red), and 
cell nucleus (blue), 100 x magnification. The following rows present (E) negative control without mAB-62 
primary antibody; (F) GL261; (G) To-Pro 3 staining cell nucleus; (H) merge image with glioma cells (red), 
and cell nucleus (blue), 100 x magnification. Scale bar = 100 µm. 
 
In a second experiment, we investigated whether GL261-mCherry cells implanted 
in mouse brain would also express Kv 10.1. First, we injected glioma cells in the cortex 
of wild type mice. In Fig. 2D, we present glioma cells (red) and cell nucleus stained with 
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To-Pro-3® (blue), and Kv 10.1 detection in green. The results reveal that injected glioma 
cells express Kv 10.1. 
 
 
Figure 2. Expression of Kv 10.1 in C57BL/6N mice orthotopically injected with GL261mCherry glioma 
cells. 14 days post injection. Confocal microscopy images showing (A) Kv 10.1; (B) GL261; (C) To-Pro 3 
staining cell nucleus; (D) merge image with Kv 10.1 (green), glioma cells (red), and cell nucleus (blue), 40 
x magnification. Scale bar = 20 µm. 
 
Then, we examined Kv 10.1 expression in glioma cells in close contact with 
microglia. Glioma cells (red) growing in close contact with activated microglia (green) 
expressed Kv 10.1 (blue), as shown in Figures 3 A to G (40 x magnification and 100 x 
magnification, respectively). For comparison, we show a ramified microglia (green) 
found in the tumor-free contralateral hemisphere (Fig. 3 E) without Kv 10.1 detection. 
Immunohistochemical inspection detects Kv 10.1 along contacts between microglial 
processes and surrounding glioma cells. Kv 10.1 immunosignal was also found in glioma 




Figure 3. Expression of Kv 10.1 in TgH(CX3CR1-EGFP) mice orthotopically injected with 
GL261mCherry glioma cells. 14 days post injection. Confocal microscopy images showing (A) Microglia; 
(B) GL-261; (C) Kv 10.1; (D) merge image with microglia (green), glioma cells (red), and Kv 10.1 (blue), 
100 x magnification, scale bar = 20 µm. Kv 10.1 in contralateral brain hemisphere (E-G); (E) microglia; 
(F) Kv 10.1; (G) merge image with Kv 10.1 (blue) and microglia (green), 100 x magnification. 
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Immunohistochemical inspection detects Kv 10.1 along contacts between 
microglial processes and surrounding glioma cells. Kv 10.1 immunosignal was also found 




Figure 4. Expression of Kv 10.1 in TgH(CX3CR1-EGFP) mice orthotopically injected with 
GL261mCherry glioma cells. 14 days post injection. Maximum intensity projection of Kv 10.1 (blue) 
expression in glioma cells (red) surrounded by a microglial process (green). Color arrows indicate: a 
microglial process surrounding a glioma cell in parallel with Kv 10.1 detection in glioma cells. Upper boxes 
(1-3) refers to microglia-EGFP (1), GL261mCherry (2) and Kv 10.1 immunodetection. 40x. Scale bar = 20 
µm. 
 
In a second attempt, we examined the influence of glioma cells on microglia 
growth in vitro, exposing microglia cells to a CMG. Thus, CMG caused a significant 
increase in microglia viability, in comparison with the group that receive only a 
conventional medium, as determined by MTT test (Fig. 5). 
 
Figure 5. MTT assay indicating differences in viability rate between BV-2 cells that received the 
conditioned medium from glioma (CMG) and conventional medium, after 24-hour incubation. Results were 




Those data reinforces the notion that microglia are attracted by glioma cell during 
gliomagenesis (RESENDE et al., 2016). They migrate to tumor sites to present antigens, 
releasing cytokines and cytotoxins (ALOISI, 2001). However, the expected anti-tumor 
activity was found only in studies in vitro (SUTTER; HEKMAT; LUCKENBACH, 
1991). Under glioma influence, microglia cells lack their natural role in immunological 
defenses, and acquire a pro-tumorigenic phenotype. Distinct classes of molecules released 
by glioma cells may promote the change to an alternative microglial phenotype, including 
the cytokine IL 10, tumor growth factor β, and the hormone prostaglandin E2 (DA 
FONSECA; BADIE, 2013; WEI; GABRUSIEWICZ; HEIMBERGER, 2013). Thus, we 
examined, in a cell culture model, whether a CMG will affect the Kv 10.1 expression in 
BV-2 microglia cell line. As shown in Fig. 6, CMG caused almost a 1.5-fold increase in 
expression of Kv 10.1 in microglia cells.  
 
Figure 6. Real time qPCR showing the content of Kv 10.1 mRNA in BV-2 cells cultured with conditioned 
medium from glioma (CMG) per 24 hours. Data were normalized by the reference gene PAPOLA and 
compared by 2-ΔΔCt method (n=4). Results were expressed as mean ± SEM. *p<0.05. 
 
Finally, Kv 10.1 expression in BV-2 cells was examined by immunocytochemistry 
(Fig. 7). Nuclei were stained with Hoechst 33342 (blue) and Kv 10.1 was detected by 
anti-Eag1.62.mAb labeled with green fluorescence. These immunofluorescence results 
confirmed the qPCR data and show that Kv 10.1 protein is highly expressed in cells that 




Figure 7. Kv 10.1 immunocytochemistry on BV-2 cell line. Representative images showing the increase 
in Kv 10.1 expression in CMG group (A-C) in comparison with the controls (D-F). Images were acquired 
by fluorescence microscopy. Scale bar for all figures = 20 µm. 
 
Voltage-gated potassium channels have gained increased attention in research 
about tumor biology and therapeutics (PARDO; STÜHMER, 2014). Kv 10.1 plays a role 
in tumorigenesis and is overexpressed in various types of tumors (HEMMERLEIN et al., 
2006; PARDO et al., 1999). Both the low- and high-grade human gliomas express this 
potassium channel (PATT et al., 2004). Then, previous results, published by our group, 
confirms that the Kv 10.1 inhibition affect the viability of glioma cells, confirming the 
need for Kv 10.1 in glioma cell growth. Also, cells silenced for Kv 10.1 exhibited a higher 
drop in cell viability when exposed to the apoptotic agent IFN-gamma (CUNHA et al., 
2013). Regards to the glioma treatment, the standard protocol consists of the maximum 
surgical resection, radiotherapy, and chemotherapy with temozolomide (TMZ). Thus, 
TMZ leads to an increase in p53 protein, which accounts for its antitumor effects 
(HERMISSON et al., 2006). In addition, technologies that restore wild-type p53 function 
improves the effects of TMZ on glioma cells (KIM et al., 2014). Protein p53 negatively 
regulates Kv 10.1 (ESSMANN; SCHULZE-OSTHOFF, 2012; LIN et al., 2011). These 
facts suggest that TMZ, at least indirectly, might reduce Kv 10.1 expression, favoring the 
drug effects on glioma cells. 
 The reciprocal influences between microglia and glioma that contributes to tumor 
expansion is a matter of capital importance in oncology. Besides chemical signaling, 
potassium channels also modulate the activation of microglial cells (KETTENMANN et 
al., 2011; RICHTER et al., 2014). Among them are Kv 10.1 related gene product (ERG), 
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Kv1.3, and KCa3.1 (CAYABYAB; SCHLICHTER, 2002; D’ALESSANDRO et al., 
2013; PATT et al., 2004; PENG et al., 2014; ZHOU, 1998) 
 
Conclusions 
In summary, we found that glioma cells in close contact with microglia present a high Kv 
10.1 expression. As shown in Fig. 1 Y, Kv 10.1 was detected at the contact between 
microglia and surrounded glioma cell. Microglia and glioma cells set up a close 
reciprocity during tumourigenesis. Previous works shown that microglia is recruited by 
glioma cells, changing its morphology to an amoeboid activated shape and promoting 
infiltration within tumor mass (RESENDE et al., 2016). In this way, the present study 
clarify some aspects of how glioma and microglial cells are involved in a reciprocal 
interaction in the tumor microenvironment. In light of our results, we can assert that 
glioma cells release soluble factors which increase Kv 10.1 expression in microglia cells, 
promoting vitality of these cells.  
A further study may explore how the Kv 10.1 expression in microglia, induced by 
glioma cells, contributes to its growth and, if RNAi technology can regulate this effects. 
Therefore, we expected results that could underscore the potential of inhibiting Kv 10.1 
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Glioblastoma multiforme (GBM) is the most aggressive primary human brain tumor. The 
standard therapy protocol includes radiotherapy in combination with temozolomide 
(TMZ). Despite some advances in GBM treatment, the survival time of patients diagnosed 
with glioma is 14.5 months. About tumor biology, cancer cells overexpress the ether à 
go-go 1 (Eag1) potassium channel. The present study examined the role of Eag1 in the 
cell damage caused by TMZ on U87MG glioma cell line. For that, Eag1 was inhibited by 
using a channel blocker (astemizole) or a short-hairpin RNA expression vector (pKv10.1-
3) that silences Eag1. pKv10.1-3 (0.2 µg) improved the Eag1 silencing caused by TMZ 
250 µM, as determined by RT-qPCR and immunocytochemistry. Inhibiting Eag1 with 
the vector or astemizole (5 µM) reduced glioma cell viability, and sensitized cells to TMZ. 
Cell viability decreased by 63% for pKv10.1-3 + TMZ vs. 34% for TMZ alone and by 
77% for astemizole + TMZ vs. 46% for TMZ alone, as determined by MTT assay. In 
addition, both the vector and astemizole increased the apoptosis of glioma cells triggered 
by TMZ. Taking collectively, our data reveal Eag1 plays a relevant role in the cell damage 
of glioma cells caused by TMZ. Moreover, suppression of this channel can improve the 
action of TMZ on U87MG glioblastoma cells. Silencing Eag1 is a promising strategy to 
improve GBM treatment, and merits further studies in animal models of glioma.   
 
Introduction  
Glioblastoma multiforme (GBM) is an astrocytoma of malignancy grade 4, i.e., a 
glioma with the highest degree of histological abnormality (1,2). This malignant glioma 
grows rapidly due to the loss of signals that inhibit cell cycle and the increased signaling 
mediated by growth factors (3,4). The standard treatment consists of the maximum 
surgical resection, radiotherapy, and chemotherapy with temozolomide (TMZ), the first-
line therapeutic agent for GBM (3,5).  The drug is a lipophilic substance with a low 
molecular weight (194.15), thus it is well absorbed by the oral route and crosses the 
blood–brain barrier to reach the target site (6). This alkylating agent generates cytotoxic 
DNA lesions in tumor cells, which results in cell cycle arrest and apoptosis. 
Chemotherapy with TMZ has shown clinical benefits in increasing the mean survival time 
and improving the patients' quality of life (7). However, the extended survival time 
reaches only 2.5 months in comparison with radiation therapy alone. Indeed, about 70 % 
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of patients with GBM present no benefit after TMZ treatment, which implies there is an 
urgent need for new anticancer approaches (8).  
Voltage-gated potassium channels have gained increased attention in research about 
tumor biology and therapeutics (9). Our work focused on the ether à go-go 1 (Eag1), a 
channel that plays a role in tumorigenesis and is overexpressed in various types of tumors 
(10,11). Both the low-grade and high-grade human gliomas express Eag1 (12). No 
previous work evaluated whether TMZ would affect Eag1 expression in glioblastoma 
cells. However, TMZ leads to an increase in p53 protein, which accounts for its antitumor 
effects (13). In addition, technologies that restore wild-type p53 function improves the 
effects of TMZ on glioma cells (14). Protein p53 negatively regulates Eag1 (15,16). These 
results allowed us to hypothesize that TMZ, at least indirectly, might reduce Eag1 
expression, favoring the drug effects on glioma cells.  
Eag1 is a definitive oncological target. Studies with different approaches reveal that 
decreasing Eag1 activity can undermine tumor progression (17). First, the Eag1 blockers 
imipramine and astemizole could reduce tumor cell growth (18-20). Monoclonal 
antibodies to Eag1 had also ability to control tumor development. They were as effective 
as the standard agent cyclophosphamide in a mouse model of breast cancer (21). Finally, 
RNA interference (RNAi) − the “state of art” tool for gene therapy. RNAi-based drugs 
for cancer therapy are already in clinical testing and will become approved treatments in 
the coming years (22). Small-interfering RNAs (siRNAs) designed to silence Eag1 could 
reduce the growth of different cancer cells in culture (23). Our group developed a plasmid 
vector able to express short-hairpin RNAs that targets the Eag1 mRNA, named pKv10.1-
3. This expression vector also reduced the viability of glioma cells.  In addition, pKv10.1-
3 increased the cell damage caused by interferon gamma, a therapeutic agent for brain 
tumors (24,25). 
In this study, we first examined the effect of TMZ on Eag1 expression in U87MG 
glioma cells. We also evaluated whether silencing Eag1 with a short hairpin RNA would 







Cell culture. Human glioblastoma U87MG lineage was purchased from the Bank of 
Cells of Rio de Janeiro (BCRJ; Rio de Janeiro, Brazil). Cells were maintained with 
DMEM/F12 [supplemented with 10% (volume/volume) heat-inactivated fetal calf serum, 
1% Glutamax and 1% of penicillin/streptomycin solution, all obtained from Invitrogen 
(California, USA)] in 25 cm³ culture flasks at 37 °C in a 5% CO2 atmosphere. 
Drug treatment. Temozolomide (Orion Corporation, Turku, Finland) and astemizole 
(Sigma-Aldrich, Madrid, Spain) were dissolved in Dimethyl Sulfoxide (DMSO, Sigma-
Aldrich, Madrid, Spain) and stored at -20 °C. The final concentration of DMSO in culture 
medium did not exceed 0.01%, causing no influence in cell viability, according to 
preliminary experiments (data not shown). Details of each experimental procedure are 
presented in the figure legends and schematic representations. 
Cell viability measurement by MTT assay. Cell viability was determined by 
3(4,5-dimethylthiazol-2yl)2,5-diphenyl-2H-tetrazolium bromide (MTT) method. Briefly, 
10.000 cells were cultivated in 96-well plates. After each experimental treatment, the cells 
were incubated with 15 µL MTT (5 mg/mL in DMEM) for 4 h at 37 °C. Then, the 
medium was removed, and 150 μL of DMSO was added to each well to dissolve formazan 
crystals. To quantity formazan product, we used a microplate reader (SpectraMax® M2 
Microplate Reader, Molecular Devices, California, USA) calibrated to read the 
absorbance at 595 nm. All experiments were performed in triplicate. The number of 
independent assays is presented in the figure legends.  
Cell transfection method. This study used a previously described shRNA 
expression vector targeting Eag1 mRNA sequence 5’-
GTCCACTTGGTCCATGTCCAG-3’, named pKv10.1-3 (24). Lipofectamine 2000 and 
Opti-MEM (Invitrogen, California, USA) were used to transfect pKv10.1-3 and the 
negative control pScramble, according to the manufacturer’s instructions. Both vectors 
were built in pSilencer® 3.1-H1 platform (Applied Biosystems, California, USA). 
RNA isolation, synthesis cDNA and RT-qPCR. Monolayer cell cultures were 
grown in six well plates with a density of 6x105 cells per well. Total RNA was extracted 
with the RNeasy® Mini Kit (Qiagen, Hilden, Germany) following the manufacturer´s 
instructions, and quantified by fluorometry (Qubit, Invitrogen, California, USA). The 
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purity was considered acceptable for RNA/protein ratios above 1.8. RNA integrity was 
analyzed by agarose gel electrophoresis. The cDNA synthesis was performed from 2.500 
ng total RNA, by using oligo (dT) (SuperScript First-Strand Synthesis System for RT-
PCR, Invitrogen, California, USA). Real time PCR reaction was carried out in 
QuantStudio 12K Flex™ Real-Time PCR System (Applied Biosystems, California, 
USA). The forward and reverse primers for Eag1 were 5' – 
TTGGAGATGTGTTCTGGAAGGAA – 3' and 5' – AGGGCATCCCGCTTGATC –  3' 
(26). For the reference gene, we used the poly(A) polymerase alpha (PAPOLA) primers 
5' – GCTACGAAGACCAGTCCATTG – 3' and 5' – TGTTGGTCACAGATGCTGCT – 
3' (24,27). This gene was selected from a previous study that evaluated the stability of 
many endogenous reference genes in tumor cells. We tested four genes that presented a 
high gene expression stability score in that study: TBP, GPB, CUL1 and PAPOLA. 
Among them, PAPOLA showed the lowest rate of variation of Ct values (qPCR) in 
glioma cells silenced from Eag1 compared with controls (about 2%), an experimental 
condition that also reduces cell viability. Amplification products were detected via 
intercalation of the fluorescent dye Fast SYBR Green (Applied Biosystems, California, 
USA). Briefly, 10 µL reaction mix contained 5.0 µL Fast SYBR Green Master mix, 2.0 
µL of cDNA, and 0.4 µL each sense and antisense primer (10 pmol/µL). The PCR 
program included an initial denaturation at 95 ºC for 5 min, followed by 40 cycles of 
amplification (95 ºC for 1 min, 60 ºC for 1 min). Each sample was carried out in triplicate, 
and the assay included a non-template negative RT controls. Relative quantification 
method (ΔΔCq) was used to express the RNAi effects on Eag1 mRNA content. 
Apoptosis assay - flow cytometry. For apoptosis analysis, we used the 
commercialized Alexa Fluor® 488 Annexin V / Dead Cell Apoptosis Kit (Invitrogen, 
California, USA). Samples were prepared according to the manufacturer's protocol with 
short modifications.  In brief, 1x105 cells were plated in 12-well plates. After treated, 
they were washed with PBS and resuspended in a solution containing 100 µL of binding 
buffer, 5 µL of Annexin V-FITC and 10 µL of propidium iodide. In this step, cells were 
incubated for 10 minutes in the dark at room temperature. Next, 400 µL of binding buffer 
were added to the cells and 10,000 events for each sample were acquired by flow 
cytometry (FACSVerse™, BD Biosciences, New Jersey, USA). After the acquisition, we 
executed the analysis by using the software FlowJo (Tree Star Inc., Ashland, USA). 
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Immunocytochemistry and image analysis. For immunocytochemical detection 
of Eag1, U87MG cells (1x105) were first cultured on coverslips in 24-well plates. Then, 
they were fixed with 4% p-formaldehyde for 15 min, and permeabilized with 10% Triton 
X-100 in PBS for 10 min. Nonspecific binding was blocked with 5% serum Horse in PBS 
for 1 h. We used the previously described Eag1 monoclonal antibody anti-Eag1.62.mAb 
(21). This primary antibody (1 µg/mL) was diluted 1:500 and incubated overnight at 4 
ºC. Alexa Fluor® 488 labeled anti-mouse IgG antibody (1:2000, Molecular Probes, 
Oregon, USA) was used as a secondary antibody. The cell's nucleus was labeled with 
Hoechst 33342 dye (Sigma-Aldrich, Madrid, Spain). To evaluate the morphology of 
cytoskeleton, we used a commercial kit for Phalloidin detection (Alexa Fluor® 532 
Phalloidin, 200 units/mL, Molecular Probes, Oregon, USA), following the manufacturer's 
protocol. The coverslips were mounted and observed with a confocal microscope (Leica 
TCS SP5, Wetzlar, Germany).  
To measure the corrected total cell fluorescence (CTCF) for Eag1, we used the formula 
CTCF = Integrated Density - (Area of selected cell X Mean fluorescence of background 
readings). Cell morphology was visualized using a binary (mask-like) image of Phalloidin 
detection, and cell's nucleus was labeled with Hoechst 33342 dye (Sigma-Aldrich, 
Madrid, Spain). Image analysis was executed by using ImageJ software. Each 
experimental condition was performed in triplicate, in three independent experiments. 
Statistical analysis. All data were analyzed by using the Statistical Package for Social 
Sciences (SPSS) version 20.0 and expressed as mean ± standard error of the mean. We 
used the one-way analysis of variance (ANOVA) followed by Tukey’s test, to test the 
differences between groups. Differences between pairs of experimental groups were 
analyzed by the Student - t test. The level of statistical significance adopted was p<0.05. 
 
Results  
TMZ affects the viability of U87MG glioma cells. We first carried out a dose-
response curve to examine the cell damage of TMZ on glioblastoma cells, by using the 
MTT assay. The mock control group, without any treatment, was taken as 100% viability. 
TMZ caused a decrease in cell viability in all periods of time examined, 24, 48 and 72 h. 
As shown in Fig. 1A, the intensity of cell damage varied according to each TMZ 
concentration and the time points examined. At 125 µM, TMZ caused a slight but stable 
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decrease in cell viability to 91%, 87% and 89% during the time points 24, 48 and 72 h, 
respectively (Fig. 1A). However, cells exposed to TMZ 250 µM presented a time-
dependent change in their viability, from 84% at 24 h to 54% at 72 h (Fig. 1A; p<0.05). 
At the highest concentration evaluated, 500 µM, TMZ also caused a time-dependent 
effect. The viability of glioma cells varied from 59% to 13% between the time points 24 
h and 72 h (Fig. 1A; p<0.05). 
In summary, at 72 h glioma cells presented a more linear response to the increasing doses 
of TMZ (Fig.1A). At this time point, the 250 µM drug concentration decreased cell 
viability to a value close to 50%. We chose this condition for the following tests on the 
role of Eag1 in the effects of TMZ. 
Effects of TMZ and pKv10.1-3 on glioma cell viability and Eag1 
expression.  We first determined the content of Eag1 mRNA in temozolomide-injured 
glioma cells, by RT-qPCR. Temozolomide (250 μM) caused a 0.78 fold decrease in Eag1 
mRNA at 72 h after injury (Fig. 1B).  Indeed, the shRNA expression vector, pKv10.1-3 
(0.2 µg), was capable to knock down Eag1 mRNA. Transfected cells presented a 0.57 
fold decrease in Eag1 content compared to the pScramble (0.2 µg) negative control group, 
as expressed by the 2-ΔΔCq (Fig. 1C; p<0.05). Finally, we examined the effect of 
temozolomide on Eag1 in cells pre-transfected with pKv10.1-3. The vector significantly 
improved the down regulation of Eag1 caused by temozolomide on glioma cells at 72 h. 
Eag1 mRNA content was reduced from 0.78 fold, for temozolomide 250 μM alone, to 
0.31 fold for temozolomide plus pKv10.1-3 (Fig. 1D; p<0.05).        
Eag1 expression in U87MG cells was also examined by immunocytochemistry (Fig. 1E-
H). Nuclei were counterstained with Hoechst 33342 (blue) and Eag1 detected by anti-
Eag1.62.mAb labeled with green fluorescence, and then examined by confocal 
microscopy. Merged squares show the combined images of both Hoechst staining and 
Eag1 immunodetection (Fig. 1E-H). We found that Eag1 is highly expressed in human 
glioblastoma multiforme U87MG cells (Fig. 1E, CTCF=19.65±0.76). Indeed, TMZ and 
the vector pKv10.1-3 significantly decreased this expression of Eag1 (Fig. 1F-H). 
Treatments with pKv10.1-3, TMZ 250 µM or pKv10.1-3 in association with TMZ 250 
µM reduced the CTCF values to 6.97±0.79, 5.37±0.37 and 3.86±0.49, respectively (Fig. 
1I).    
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Figure 1. TMZ and pKv10.1-3 affect U87MG cell viability and Eag1 expression. Cell viability in each 
TMZ-treated group  (125, 250 or  500 µM)  was expressed in comparison to the mock control values at  24, 
48 and 72 hours, as determined by MTT assay  (A). All experimental groups were analyzed in triplicate in 
eight independent assays. The results were represented by a percentage of the value found in the mock 
control group and expressed by mean ± SEM. *p<0.05. Eag1 mRNA content in glioma cells injured by 
TMZ 250 µM per 72 h, as revealed by qPCR (B). Effects of pKv10.1-3 (0.2 µg) on Eag1 mRNA compared 
to a control vector pScramble (C). pKv10.1-3 increased the effect of TMZ 250 µM  on Eag1 mRNA (D). 
Data were normalized by the reference gene poly(A) polymerase alpha (PAPOLA) and compared by 2-
ΔΔCq method (n=3). Eag1 immunocytochemistry in U87MG cells (E – H). Representative images showing 
the expression of Eag1 in Mock control group (E), and the respective decrease after treatments with 
pKv10.1-3 (F), TMZ 250 µM (G), or association of pKv10.1-3 and TMZ 250 µM (H). Corrected total cell 
fluorescence (CTCF) for Eag1 (I). pKv10.1-3 was referred as pKv for simplicity. Eag1 intensity was 
decreased in all treated groups in relation to the mock (a = p<0.05). Eag1 intensity was significantly lower 
in cell group treated with pKv10.1-3 in association with TMZ 250 µM in comparison with pKv10.1-3 alone 
(b = p<0.05). Images were acquired by confocal microscopy. Scale bar = 20 µm.  
 
Astemizole and pKv10.1-3 reduce the viability of glioma cells. We 
examined the role of Eag1 in the viability of glioma cells by using astemizole, a channel 
blocker, and pKv10.1-3, a plasmid that silences this target. First, we found that astemizole 
caused a dose-dependent effect on the viability of glioma cells that remained for 72 h, as 
determined by MTT assay (Fig. 2A-C). At 24 h, cells treated with astemizole 2.5 µM, 5 
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µM or 10 µM presented reduction in values of viability of 23%, 57% and 85%, 
respectively (Fig. 2A). At the same concentrations, the drug also caused a dose-response 
effect at 48 h, to values ranging from 42% to 93% in relation to the same treatments (Fig. 
2B). Moreover, at 72 h, astemizole also reduced the viability of glioma cells by 41%, 
72%, and 93%, according to the dose used, 2.5 µM, 5 µM and 10 µM (Fig. 2C).  
RNAi with Eag1 also affected glioma cells. Cells transfected with pKv10.1-3 (0.2 µg) 
showed a stable decrease in their viability from 24 h to the last time point in study, 72 h, 
as observed by MTT assay. Values of cell viability decreased to 47%, 35%, and 40%, at 
24, 48 and 72 h after this transfection, respectively (Fig. 2D-F). Lipofectamine also 
caused a decrease in glioma cell viability that was more intense at 24 h (22%) than at 72 
h (10%). Taking together, the results of astemizole and pKv10.1-3 confirmed a role for 
Eag1 in preserving glioma cell viability. 
  
 
Figure 2. Effects of astemizole (ATZ) and pKv10.1-3 (0.2 µg) on U87MG cell viability. Effects of different 
concentrations of ATZ (2.5, 5 and 10 µM) at three time points of incubation (24, 48 and 72 hours) (A-C). 
Effects of pKv10.1-3 on cell viability at 24, 48 and 72 hours (D-F). Cell viability was determined by MTT 
assay. All experimental groups were analyzed in triplicate in eight independent assays. The results were 
represented by a percentage of the value found in the mock control group and expressed by mean ± SEM. 
*p<0.05. 
 
Suppression of Eag1 by astemizole or pKv10.1-3 sensitize cells to TMZ 
injury. This section explored the effects of Eag1 channel suppression in the injury 
caused by TMZ on glioma cells. Cell preparations received TMZ after Eag1 suppression, 
which varied according to each experimental method. Thirty minutes were enough for 
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Eag1 blockade with astemizole, whereas six hours was the period of time needed for 
pKv10.1-3 transfection.  Experimental groups pretreated with the Eag1 channel blocker 
astemizole or pKv10.1-3 showed a higher response to TMZ, as examined by MTT test. 
Cells received astemizole (5 µM) for 30 min, then TMZ 250 µM for 72 h (Fig. 3A). Cell 
viability decreased by 77%, a value significantly higher than those found in groups treated 
either with astemizole (58%) or TMZ alone (46%) (Fig. 3A; p<0.05).     
Indeed, glioma cells silenced from Eag1 with pKv10.1-3 (0.2 µg) presented a 
higher drop in cell viability in response to TMZ (Fig. 3B). About TMZ 250 µM plus 
pKv10.1-3, cell viability decreased by 77%, a value significantly higher than those found 
in groups treated with pKv10.1-3 (54%) or TMZ alone (48%). Groups treated with TMZ 
500 µM plus pKv10.1-3 also presented a higher decrease in viability, compared with the 
group treated with only TMZ. Thus the vector was capable to enhance TMZ effects on 




Figure 3. Effects caused by astemizole (ATZ) or pKv10.1-3, in association with temozolomide (TMZ), on 
U87MG cell viability. At the top of each figure, a schematic representation of the experimental procedure. 
Cell viability of glioma cells under pharmacological blockade of Eag1, in association with TMZ (A). Cell 
viability of glioma after pKv10.1-3 transfection, in combination with TMZ (B). Cell viability was 
determined by MTT assay. Experimental groups were analyzed in triplicate in eight independent assays. 
Data presented as mean ± SEM. *p<0.05. 
 
Apoptosis of GBM cells determined by flow cytometry. We further examined 
whether Eag1 suppression would increase the rate of apoptosis in glioma cells injured by 
temozolomide.  A flow cytometry analysis employing Annexin V-FITC / propidium 
iodide (PI) double staining assay was performed. As shown in Fig. 4A-G, early apoptosis 
(Annexin V+/PI-) and later stage apoptosis (Annexin V+/PI+) are represented in the 
quadrants Q4 and Q2, respectively. The mock control group corresponds to cells without 
treatment. Suppression of Eag1 increased the induction of apoptosis (Q4+Q2) caused by 
temozolomide (Fig. 4H). Blocking Eag1 with astemizole increased four times glioma cell 
apoptosis induced by temozolomide, i.e. from 17% to 82% (Fig. 4B vs. 4D, and 4H; 
p<0.05). In addition, silencing Eag1 with pKv10.1-3 tripled the rate of apoptosis triggered 
by TMZ (17% vs. 63%) (Fig. 4B vs. 4G, and 4H; p<0.05). 
Cell groups suppressed from Eag1 and damaged with TMZ also showed changes 
in cell morphology, as revealed by confocal microscopy (Fig. 4I-L). The cell filaments in 
pKv10.1-3 + TMZ 250 µM treated group were relatively thinner compared to the controls 
(Fig. 4I-L, gray arrows). Mock group (Fig. 4I)  and those that received pKv10.1-3 (Fig. 
4J) or TMZ 250 µM (Fig. 4K) alone showed a more stable morphology and survival rate, 
compared with the group treated with pKv10.1-3 + TMZ 250 µM (Fig. 4L). These cells 






Figure 4. Induction of apoptosis by Eag1 suppression in U87MG glioblastoma cells exposed to TMZ. 
Experimental groups were analyzed at 72 hours by FACS Annexin V/propidium iodide (PI). The assay was 
performed according to the manufacturer’s protocol. Representative scatter plots are showing the 
distribution of Annexin V- and PI-stained cells (A-G). The X-axis indicates PI fluorescence detected at 617 
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nm, and the Y-axis indicates Annexin V–FITC fluorescence detected at 488 nm. The lower left (Q3) 
quadrant indicates live cells, the upper left (Q1) quadrants indicate necrotic cells, the upper right (Q2) 
quadrants indicate late apoptotic cells, and lower right (Q4) quadrant indicates early apoptotic cells. 
Average of sum between early and late apoptosis in U87MG cells (H). Results were expressed as a 
percentage of total cell numbers, and represented as mean ± SEM (bars). Assays were carried out in 
triplicate of three independent experiments. *p<0.05. Representative images acquired by confocal 
microscope (I-L). Binary images obtained by Phalloidin detection in U87MG monolayer cell culture, 
showing morphological changes caused by different treatments. Gray arrows points to differences in cell 
filaments between the group treated with the association of pKv 10.1-3 and TMZ 250 µM and the other 
groups (I-L). Scale bar = 20µm. 
 
Discussion 
Ion channels play a critical role in tumorigenesis (28). They regulate the flux of 
ions across the plasma membrane, which influences cell cycle, growth and apoptosis (29). 
Thus, a deregulated activity or expression of ion channels will favor the loss of normal 
control of cell division, a classic hallmark of cancer (30). Previous work revealed that 
Eag1 potassium channels play a role in cell growth, neoplastic behavior and malignancy 
(10,17). Many tumor types display a deregulated Eag1 function, including breast cancer 
cells (20), tumors of head and neck (31), colon (32,33), esophagus (34), cervix (35), and 
leukemia (36). Gliomas also overexpress Eag1, irrespective of their malignancy grade 
(12). In the present work, we confirmed that U87MG glioblastoma cells in culture display 
a high expression of Eag1 (Fig. 1E).  
Those results confirmed a role for Eag1 in tumorigenesis, highlighting Eag1 as a 
promising target for anticancer therapy. However, as Eag1 plays a role in 
electrophysiology, restraint of channel work might cause adverse effects. In a previous 
study, an Eag1 knock-out mouse was developed and characterized (37). The animals 
showed no changes in embryogenesis, brain development, and electrical properties of 
cerebellar Purkinge cells; only mild behavioral changes occurred. Animals that lack an 
active channel showed no remarkable changes in physiology, thus we consider Eag1 is a 
safe and a promising target for cancer treatment. In fact, studies with monoclonal 
antibodies, siRNAs, astemizole and imipramine, have confirmed that Eag1 restraint can 
control cancer development (18,21,23,38).  
Astemizole is an antihistamine that also blocks the Eag1 channel. The drug 
showed activity against different cancer types, including hepatocellular carcinoma, breast 
tumors, and cervical cancer cells (39-41). Our results corroborated those findings, 
reinforcing the role of Eag1 in cancer cell growth. Astemizole caused a dose-dependent 
decrease in glioma cell viability, which remained for 24, 48 and 72 h after treatment. The 
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potential use of astemizole in cancer treatment, however, is hampered by its side effects 
(38). The drug may cause ventricular arrhythmia, a rare but potentially fatal toxic effect 
(42,43). For brain tumors, a second pharmacological property of astemizole would also 
undermine its effectivity – the inability to penetrate the blood-brain barrier. Curiously, 
this pharmacokinetic is valuable for antihistamines to avoid sedation. In contrast, it is 
undesirable for drugs that must reach injured brain tissues, as occurs for infiltrating 
gliomas (44). The blood-brain tumor barrier also represents an obstacle for antiglioma 
chemotherapy. In the core part of glioblastomas this barrier is leaky, but in large parts it 
remains unchanged, blocking the access of anticancer drugs to tumor tissues (45). A new 
therapeutic strategy to inhibit Eag1 is an urgent demand.     
In a previous work, synthetic small-interfering RNAs (siRNAs) showed the ability 
to silence Eag1 expression in various types of cancer cells (23). Glioma cells were not 
examined in that study.  However, Eag1-targeted siRNAs decreased the Eag1 mRNA and 
protein contents, which resulted in a decreased growth of most cell types. Among the four 
siRNAs tested, Kv10.1-3 caused the highest silencing effect on Eag1. It targets the 
nucleotide sequence 1793–1813 of Eag1 mRNA (NM_172362). We employed the same 
Eag1 target sequence in the present study, which was cloned in a short-hairpin RNA 
expression vector named pKv10.1-3. We recently reported that glioma cells transfected 
with pKv10.1-3 were less viable than the controls (cells without treatment). Indeed, this 
Eag1 silencing vector also intensified interferon gamma cell damage on glioma cells (24). 
In the present work, we found that pKv10.1-3 sensitized glioma cells to TMZ, the drug 
of choice for treatment of glioblastoma multiforme.  We observed that Eag1 plays a role 
in the cell damage caused by TMZ on glioma cells. First, Eag1 is highly expressed in 
glioma cells (Fig. 1E). Second, pKv10.1-3 in association with TMZ increased the 
silencing effect on Eag1 mRNA caused by TMZ alone (0.31 vs. 0.78 fold reduction; Fig. 
1B and C). Third, the effect displayed by pKv10.1-3 on glioma cell viability at 24, 48, 
and 72 h was also found in a dose-dependent scale for astemizole, an Eag1 channel 
blocker (Fig. 2). Fourth, both treatments sensitized cells to TMZ injury; they decreased 
glioma cell viability, as found in pKv10.1-3 (63% for pKv10.1-3 + TMZ vs. 34% for 
TMZ alone) and astemizole (77% for astemizole + TMZ vs. 46% for TMZ alone) (Fig. 
3A and B). Fifth, these treatments also caused changes in glioma cell morphology and 
poor adherence in culture flasks (Fig. 4I). Finally, both astemizole and pKv10.1-3 
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significantly increased the rate of apoptosis caused by TMZ, as determined by flow 
cytometry (Fig. 4A-G).   
The use of RNAi for Eag1 silencing was previously reported in other cancer cell 
lines. A viral vector expressing shRNAs to Eag1 also reduced tumor growth and 
angiogenesis of osteosarcoma (46). Indeed, small interfering RNAs to Eag1 sensitized 
ovarian cancer cells to cisplatin (47). No previous work has examined whether Eag1 gene 
silencing would sensitize glioma cells to TMZ.  
In summary, our study reveals that suppression of Eag1 improves the action of 
TMZ on glioma cells. While pointing out a role for Eag1 in TMZ injury, our findings also 
project an anticancer strategy. A further study would test pKv10.1-3 in animal models of 
glioma, as a preclinical study to confirm if Eag1 is a target for an RNAi-based gene 
therapy. 
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Contribuições da Pesquisa 
O presente trabalho desenvolveu e avaliou o modelo GL261/CX3CR1, dedicado a 
estudar a interação do glioma com a micróglia. Este modelo possibilitou o 
acompanhamento de diversas características da ativação microglial intermediada pelas 
células de glioma, e revelou detalhes sobre a comunicação célula-célula em camundongos 
imunocompetentes. As técnicas de microscopia utilizadas permitiram novas abordagens 
direcionadas à análise de imagens, fornecendo uma avaliação quantitativa da ativação 
microglial e da migração destas células em direção à massa tumoral. O modelo 
GL261/CX3CR1 apresentou diversas vantagens, permitindo a monitorização da interação 
micróglia-glioma 1- longitudinalmente; 2- in loco; 3- com boa resolução celular; 4- a 
partir de tecidos fixados ou animais vivos; 5- sem a necessidade de imunodetecção; 6- em 
escalas de tempo de minutos a semanas. Em resumo, o método proposto fornece uma 
técnica rápida, que permite a análise de grandes conjuntos de dados adquiridos em vários 
pontos temporais.  
Com ajuda do modelo GL261/CX3CR1, observou-se que havia expressão do canal 
de potássio Kv 10.1 na interação do glioma com a micróglia. A partir do conhecimento 
da presença deste canal no microambiente tumoral, infiltrado pela micróglia, o presente 
estudo possibilitou elucidar que as células de glioma em cultura liberam fatores que 
aumentam a expressão do Kv 10.1 em células microgliais e elevam a sua viabilidade. 
Da mesma maneira, nosso estudo revela que a supressão do canal Kv 10.1 melhora 
a ação da temozolomida em células de glioma. Lançando luz sobre o papel do Kv 10.1 
nas respostas do glioma a este tratamento de escolha, projeta-se uma estratégia 











Conclusões gerais e perspectivas 
Conclusões 
 
1. O modelo GL261/CX3CR1, devidamente implementado e validado, mostrou-se 
como ferramenta valiosa nos estudos sobre a processo infiltrativo da micróglia na 
massa tumoral de glioma. 
a. A micróglia, quando atraída pelas células de glioma, altera sua morfologia, 
passando da forma ramificada para amebóide. Essas mudanças puderam 
ser quantificadas adequadamente pelo modelo desenvolvido no presente 
estudo; 
b. As técnicas de análise de imagens empregadas no atual trabalho 
forneceram informações consistentes, com boa qualidade de definição e, 
portanto, úteis ao estudo da interação micróglia-glioma. 
 
2. Células de glioma são capazes de liberar fatores solúveis que aumentam a 
expressão do canal de potássio Kv 10.1 em células de micróglia em cultivo. 
a. O aumento da expressão de RNAm do canal Kv 10.1 é acompanhado pelo 
aumento da imunodetecção da proteína; 
b. Este aumento de Kv 10.1 ocorre paralelamente ao aumento da viabilidade 
em células de micróglia em cultivo, o que sugere que este canal tenha 
papel na comunicação célula-célula. 
 
3. O canal de potássio Kv 10.1, quando inibido, potencializa os efeitos da 




1. Avaliar o papel do Kv 10.1 na interação glioma-micróglia no modelo 
GL261/CX3CR1, mediante técnicas de silenciamento gênico; 
 
2. Elucidar se miRNAs e exossomos participam da interação célula-célula, desta 
forma regulando o canal Kv 10.1; 
 
3. Avaliar se os efeitos de potencialização da TMZ, via supressão de Kv 10.1, 








Anexo 1 – The role of neuronal nitric oxide synthase enzyme 
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Glioblastoma multiforme (GBM) is the most prevalent primary brain tumor. Treatment 
for GBM includes radiotherapy, chemotherapy with temozolomide (TMZ), and surgical 
ablation. Despite some therapeutic advances, the survival time of patients with GBM is 
no longer than 12–14 months. About tumor biology, cancer cells overexpress the neuronal 
isoform of the nitric oxide synthase (nNOS). In the present study, we examined whether 
nNOS enzyme plays a role in the cell damage of glioma cells caused by TMZ.  First, TMZ 
250 µM triggered an increase in oxidative stress at 2, 48 and 72 h in glioblastoma cell 
lines U87MG, U251MG and U138MG, as revealed by DCFH-DA assay. The drug also 
reduced the cell viability, as measured by 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT). U87MG cells presented a more linear decline in 
cell viability in time-points 2 h, 48 h and 72 h. The peak of oxidative stress occurred at 
48 h. To examine the role of nitric oxide synthase (NOS) enzymes in the cell damage of 
temozolomide (TMZ), we used N(ω)-nitro-L-arginine methyl ester (L-NAME) and 7-
Nitroindazole (7-NI). L-NAME increased the cell damage of TMZ on glioma cells, while 
reducing the oxidative stress at 48 h. The preferential nNOS inhibitor, 7-NI, also 
improved the TMZ effects. It caused a 12.8% decrease in the viability of TMZ-injured 
cells. Indeed, 7-NI was more effective than L-NAME in restraining the increase in 
oxidative stress triggered by TMZ. Silencing nNOS with a synthetic siRNA 
(siRNAnNOShum_4400) increased by 20% the effects of TMZ 250 µM on cell viability 
(P< 0.05). nNOS knock-down also enhanced the rate of apoptosis triggered by TMZ. 
Taking together, our data reveal that nNOS enzymes play a role in the cell damage of 
TMZ on glioma cells. RNAi with nNOS merits further studies in animal models to 
disclose its potential use in glioma anticancer therapy.   
  
Introduction  
Glioblastoma multiforme (GBM) is the most frequent and malignant primary brain tumor. 
The prognosis for patients with glioma is poor, with a median survival of 12 - 14 months 
(HENSON, 2006; OSTROM et al., 2013). A standard therapy for GBM consists of 
maximal safe resection of the tumor mass followed by radio- and chemotherapy (STUPP 
et al., 2007). The drug of choice is temozolomide (TMZ), but the treatment yields a 
median survival benefit of only 2.5 months. In addition, tumor recurrence and resistance 
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to temozolomide often occur (PEDRETTI et al., 2010; SATHORNSUMETEE; RICH, 
2006).  
 Cancer cells commonly present an increased metabolic activity, which results in 
oxidative stress (CAIRNS; HARRIS; MAK, 2011; KARDEH; ASHKANI-ESFAHANI; 
ALIZADEH, 2014). The precise role of oxidative stress in tumor biology and its 
implication in cancer therapy remains a complex matter. The excessive levels of reactive 
oxygen molecules (ROS) may result in cell damage and apoptosis (NOGUEIRA; HAY, 
2013). However, ROS production, which includes nitric oxide (NO), may improve 
survival, growth, and the neoplastic phenotype found in cancer cells, including gliomas 
(CONTI et al., 2010; KIM; KWON; NAKANO, 2014). 
 Neuronal nitric oxide enzymes (nNOS) synthesize the largest amount of NO in the 
body, exerting an important role for homeostasis (MONCADA; BOLAÑOS, 2006). 
However, nNOS and NO are also involved in brain diseases and cancer pathogenesis 
(LUO; ZHU, 2011; THOMSEN; MILES, 1998). In general, brain tumors and peritumoral 
areas express nitric oxide synthases (NOS), which improves the blood supply need for 
cancer development (BAKSHI et al., 1998; FUKUMURA; JAIN, 1998). NO formed by 
nNOS contributes to angiogenesis, vasodilation, and vascular permeability, thus playing 
a role in tumor growing and malignancy (TANRIOVER et al., 2008). Also, the non-
selective NOS inhibitor L-NAME controlled glioma growth in a rat model (SWAROOP 
et al., 2000).  
 In summary, oxidative stress is a biochemical change that affects tumor growth and 
cancer cell’s response to antineoplastic drugs. Disclosing molecules that regulate 
oxidative stress in TMZ-injured glioma cells will enrich our knowledge on tumor biology 
and responses to anticancer therapy. In this study, we examined whether nNOS enzymes 
play a role in the effects of TMZ on glioma cells.   
Materials and methods 
Cell culture. Human glioblastoma cell lines U87MG, U251MG and U138MG were 
maintained in DMEM/F12 [supplemented with 10% (volume/volume) heat-inactivated 
fetal bovine serum, 1% GlutaMAXTM all obtained from Gibco (New York, USA), 1% of 
penicillin/streptomycin solution and 250 ng/mL amphotericin B (Sigma Aldrish, Madrid, 
Spain)]. The cells were seeded into flasks and maintained at 37 °C in a humidified 
atmosphere with 5% CO2. 
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Determination of cell viability. Glioma cells were seeded in 96-well plates at a 
concentration of 0.5x104 cells/well. Details on each experimental procedure are present 
in the figure legends. The cells were incubated with 200 µM of N(ω)-nitro-L-arginine 
methyl ester (L-NAME) or 100 µM of 7-Nitroindazole (7-NI) 1 hour before the addition 
of temozolomide (TMZ) 250 µM. After a specific time of treatment, cell viability was 
measured by a quantitative colorimetric assay with 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT), which shows the mitochondrial activity of living 
cells. Briefly, 50 µL of the MTT-labeling reagent (0.5 mg/mL) were added to each well, 
and the plate was incubated for an additional 3 h period. The insoluble formazan was 
dissolved with dimethylsulfoxide, and the MTT reduction was measured at 595 nm in an 
absorbance plate reader SpectraMax® M2 (Molecular Devices, California, USA). Control 
cells without treatment were taken as 100% viability. To determine the effects of nNOS 
gene silencing by siRNAs on cell viability, we also used the MTT assay. For that, glioma 
cells mixed with 200 µL of the supplemented DMEM/F12 were first cultured for 24 h. 
Then, the first medium was removed and replaced by Opti-MEM® (Gibco, New York, 
USA) without supplements. Transfection of siRNAnNOShum_4400 was carried out by 
using Lipofectamine®2000, according to the manufacturer’s instructions (Invitrogen, 
California, USA). Twenty-four hours later, the Opti-MEM® was removed and replaced 
by the supplemented DMEM/F12. Then we added TMZ to achieve a 250 µM final 
concentration. After 48 h of incubation, cell viability was determined by the MTT assay. 
Reactive oxygen species (ROS) test. The 2′,7′-dichlorfluorescein-diacetate (DCFH-DA) 
assay was used to measure ROS production in glioma cells. Briefly, cells were seeded in 
96-well plates at a concentration of 0.5X104 cells/well. After 24 h, the cells were treated 
with TMZ 250 µM for 2 h, 48 h or 72 h. Specific groups received L-NAME or 7-NI one 
hour before TMZ cell damage. Following that, the medium was removed and cells were 
incubated with DCFH-DA at a final concentration of 20 µM in DMEM/F12, for 30 min 
at 37 °C, and washed with DPBS. DCFH-DA levels were measured in a microplate reader 
SpectraMax® M2 (Molecular Devices, California, USA) with excitation and emission 
wavelengths set at 485 and 535 nm, respectively. 
Synthetic siRNAs. This study used a previously described small-interfering RNA 
(siRNA) to silence nNOS mRNA, found by the Biopredsi algorithm (HUESKEN et al., 
2005; TITZE-DE-ALMEIDA et al., 2014). SiRNAnNOShum_4400 recognizes a 
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nucleotide sequence present in exon 28 of all nNOS splicing variants α, β, and γ (5´- 
GCGAACGTACGAAGTGACCAA – 3´; nt 4898 – 4918, NM_000620.2). It was 
synthesized by Qiagen as double-stranded RNA sequences with 21 nucleotides. This 
study also used the AllStars® Negative Control siRNA (Qiagen, California, USA). 
Cell transfection. Transfections of three different glioblastoma lineages (U87MG, 
U251MG and U138MG) with siRNAnNOShum_4400 were carried out with 
Lipofectamine®2000 Transfection Reagent (Invitrogen, California, USA) and Opti-
MEM® (Gibco, New York, USA), according to the manufacturer´s instructions. 
Reverse transcription real-time quantitative polymerase chain reaction (RT-qPCR). 
First, total RNA was extracted with the RNeasy® Mini Kit (Qiagen, Hilden, Germany) 
following the manufacturer´s instructions, and quantified by fluorometry (Qubit®, 
Invitrogen, California, USA). The purity was considered acceptable for RNA/protein 
ratios above 1.8 RNA integrity was analyzed by agarose gel electrophoresis. The cDNA 
synthesis was performed from 500 ng total RNA, by using random primers (SuperScript® 
First-Strand Synthesis System for RT-PCR, Invitrogen, California, USA). Real time PCR 
reaction was carried out in a 7500 Fast Real-Time PCR (Applied Biosystems®, California, 
USA). The forward and reverse primers for nNOS were 5' – 
GGTGGAGATCAATATCGCGGTT – 3' and 5' –  CCGGCAGCGGTACTCATTCT –  
3' (DÖTSCH et al., 2000). For the housekeeping gene,  we used  the GC-rich promoter 
binding protein 1 (GPBP1) primers 5' – TCACTTGAGGCAGAACACAGA – 3' and 5' – 
AGCACATGTTTCATCATTTTCAC – 3' (KWON et al., 2009). Amplification products 
were detected via intercalation of the fluorescent dye SYBR® Green (Applied 
Biosystems®, California, USA). Briefly, 10 µL reaction mix contained 5.0 µL Fast 
SYBR® Green Master mix, 2.0 µL of cDNA diluted 1:10, and 0.4 µL each sense and 
antisense primer (10 pmol/µL). The PCR program included an initial denaturation at 95 
ºC for 5 min, followed by 40 cycles of amplification (95 ºC for 1 min, 60 ºC for 1 min). 
Each run was carried out in triplicate, and the assay included non-template negative RT 
controls. Delta delta Ct (2-ΔΔCq) relative quantification method was used to express the 
RNAi effects on nNOS message content (LIVAK; SCHMITTGEN, 2001). 
Nuclear staining with Hoechst 33342. Hoechst 33342 staining was used to detect cells 
in apoptosis. GBM cells were cultured in 24-well plates, and transfected with 
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siRNAnNOShum_4400 as above described. After 24 h, cells received TMZ for 48 h. We 
also included injured and nontransfected cell groups, as positive controls. Briefly, the 
cells were fixed in 4.0% paraformaldehyde for 10 min before staining with Hoechst 
33342 (5.0 µg / mL)/well in the dark for 10 min, at room temperature. Subsequently, the 
coverslips were washed twice with PBS, air-dried, mounted onto glass slides and 
observed under a fluorescence microscope. The nuclear condensation, fragmentation, and 
bright staining of apoptotic cells were identified by intense local staining in the nucleus, 
in contrast to the diffused staining of DNA in normal cells. 
Statistical analysis. Statistical package for social sciences (SPSS) version 17 (IBM, New 
York, USA) was used to analyze our data. All results were expressed as means ± standard 
error of the means (SEM). One-way analysis of variance (ANOVA) with Tukey’s post-
test was applied to test inter-group differences. Differences between paired groups were 
analyzed by the Student t test. P values of < 0.05 were considered significant.  
Results 
The present work evaluated whether nitric oxide synthase enzymes (NOS) play a role in 
the cell damage caused by TMZ on GBM cell lines. We first examined the effects of TMZ 
250 µM on oxidative stress and glioma cell viability. They were evaluated in three cell 
lines (U87MG, U251MG and U138MG) at 2 h, 48 h, and 72 h. Then we investigated 
whether NOS enzymes would affect the cell damage caused by TMZ. For that, L-NAME 
(a nonspecific NOS inhibitor) and 7-NI (a nNOS inhibitor) were used. Finally, we applied 
a second strategy ‒ RNA interference, to explore the involvement of nNOS enzyme in 
such cell responses. 
TMZ affects glioma cell viability and increases oxidative stress. All glioblastoma cell 
lines exposed to TMZ 250 µM presented a decreased cell viability with higher levels of 
ROS. These effects varied in intensity according to the time-points and cell lines studied. 
As shown in Figure 1A, TMZ caused a progressive decline in cell viability at 2 h, 48 h or 
72 h in U87MG cells. The values varied from 92% (2 h) to 52% (72 h), and they were 
significantly different. The cells produced ROS at increased levels, reaching the peak at 
48 h (*P<0.05). On U251MG cells, TMZ caused the highest cell damage at 48 h (Fig. 
1B). Compared to other cell lines, the differences in cell viability among time points 2 h, 
48 h, and 72 h were mild (84%-88%) and not statistically significant. The highest 
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oxidative stress response in U251MG cells was found at 72 h post-TMZ. Finally, TMZ 
caused a progressive reduction in U138MG cell viability, with a parallel increase in ROS 
production (Fig. 1C;*P<0.05).  Both effects peaked at 72 h post-TMZ. 
 
Figure 1. TMZ reduced the viability of U87MG, U251MG, and U138MG cell lines, and increased their 
oxidative stress. Experiments were carried out in triplicate, in eight independent assays. Circles and squares 
represent mean values ± SEM regarding MTT or DCFH assay results in each time-point. GBM cells were 
injured by TMZ 250 µM for 2 h, 48 h or 72 h. TMZ affected cell viability and the production of ROS, as 
determined by MTT and DCFH assays, respectively. From 2 h to 48 h post-TMZ, all cell lines showed a 
significant reduction in cell viability along with an increase in oxidative stress response. Asterisks represent 
statistically significant differences (*P< 0.05, ANOVA one-way followed by Tukey´s test).  
 
nNOS-targeted siRNAs reduced nNOS mRNA content in glioma cell lines. The 
present assay was carried out to evaluate whether the enzyme nNOS could be silenced by 
RNA interference. For that, we examined the effect of a previously described 
siRNAnNOShum_4400 (37.5 nM) on nNOS mRNA content, at 24 h post-transfection. 
All transfected glioblastoma cell lines, U87MG, U251MG, and U138MG presented their 
content of nNOS mRNA reduced to about 50% at 24 h (Fig. 2). This strategy to suppress 
nNOS expression will be further employed to examine the role of this enzyme in TMZ 
injured glioma cells. 
 
Figure 2. Effects of siRNAnNOShum_4400 on nNOS mRNA content of U87MG, U251MG and U138MG 
cells. Cells were transfected with siRNAnNOShum_4400 (37.5 nM) mixed with Lipofectamine®2000 for 
24 h. RT-qPCR results were presented as the relative expression to the scramble control group (2-ΔΔCq). 
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Bars represent the fold changes in nNOS mRNA to the control group, arbitrarily assigned the value 1. 
siRNAnNOShum_4400 reduced the content of nNOS mRNA in glioma cells. 
 
Effects of NO synthase inhibitors on cell viability and oxidative stress of U87MG 
cells exposed to TMZ for 48 h. Inhibiting NOS enzymes cause effects on TMZ cell 
damage at 48 h. As shown in Figure 3A, L-NAME and 7-NI decreased the viability of 
TMZ-damaged U87MG cells by 9.6% and 12.8%, respectively (*P<0.05). In parallel, the 
inhibitors also hampered the increase in ROS production caused by TMZ (Fig. 3B; 
*P<0.05). As noted, 7-NI was more effective than L-NAME to improve the effects of 
TMZ, as well as in controlling the oxidative stress response. These data highlight a 
relevant role for nNOS in the actions of TMZ against glioma cells. 
 
Figure 3. Effects of NOS inhibition in U87MG glioma cells exposed to TMZ for 48 h. Cell viability and 
ROS production were measured by the MTT and DCFH-DA assays, respectively. Bars express mean ± 
SEM regarding MTT or DCFH assays. Experiments were carried out in triplicate, in eight independent 
assays. At the top, we present a schematic representation of the experimental procedure. Briefly, either L-
NAME or 7-NI was added to cell preparations 1 hour before TMZ treatment. Then the cells received TMZ 
250 µM at the time point 0 h. They were incubated for an additional period of 48 h, following to the MTT 
and DCFH-DA assays. Pretreatment with L-NAME (200 µM) or 7-NI (100 µM) in cells injured by TMZ 
reduced their viability (A) and decreased ROS production (B). Asterisks represent statistically significant 




nNOS-targeted siRNAs potentiated the effects of TMZ. We knocked-down nNOS 
enzyme by using siRNAnNOShum_4400, transfected 24 h before TMZ cell damage. This 
siRNA alone caused no significant changes in glioma cell viability. However, siRNA-
transfected cells were more susceptible to the effects of TMZ at 48 h. They presented an 
additional 20% decrease in viability compared to the injured mock-transfected group 
(70% versus 50%; *P<0.05) (Fig. 4A). Cell groups damaged by a higher TMZ 
concentration (500 µM) also presented the same response (44% versus 26%; *P<0.05) 
(Fig. 4B).  
 
Figure 4. Effects of siRNAnNOShum_4400 on the viability of U87MG cells injured by TMZ. Bars express 
mean ± SEM regarding MTT assays. Glioma cells were first transfected with siRNAnNOShum_4400 (37.5 
nM) for 24 h. Then cells received TMZ (250 µM or 500 µM). Cell viability was determined at 48 h post-
TMZ by MTT in four independent assays. Bars represent the absorbance values found in treated groups 
normalized to the mock control group (hatched line). *P< 0.05 (ANOVA one-way followed by Tukey´s 
test) for the following groups: pretreated with siRNAnNOShum_4400 followed by TMZ 250 µM versus 
TMZ 250 µM (A); pretreated with siRNAnNOShum_4400 followed by TMZ 500 µM versus TMZ 500 µM 
(B). siRNAnNOShum_4400 improved the effects of TMZ on glioma cells, for both drug concentrations.  
 
nNOS-targeted siRNAs increase the apoptosis of glioblastoma cells damaged by 
TMZ. This experimental section focused on apoptosis-induced glioma cell death. We 
first found that TMZ 250 µM alone could trigger the apoptosis of U87MG cells, as 
determined by the Hoechst assay (Fig. 5A). Silencing nNOS enzyme with 
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siRNAnNOShum_4400 caused no increase in GBM cell apoptosis. However, 
glioblastoma cells silenced from nNOS were more susceptible to have their apoptosis 
triggered by TMZ. As shown in Figure 5B, the rate of apoptosis caused by TMZ was 
significantly higher in the group transfected with nNOS-targeted siRNAs (*P < 0.05).  
 
Figure 5. Effects of siRNAnNOShum_4400 on the apoptosis of U87MG cells induced by TMZ. Bars 
express mean ± SEM regarding Hoechst 33342 nuclear staining results. Experiments were carried out in 
triplicate, in 8-12 independent assays. Treatments and time points correspond to that presented in Fig. 4 
panel. Briefly, apoptosis was examined in cells injured by TMZ 250 µM for 24 h. Transfected cell groups 
received siRNAnNOShum_4400 (37.5 nM) for 24 h, mixed with Lipofectamine®2000. One of them was 
exposed to TMZ 250 µM. Apoptosis was examined at the time point 48 h post-TMZ. TMZ 250 µM induced 
glioma cell apoptosis, which was reinforced by the previous treatment with siRNAnNOShum_4400. 
*P<0.05, TMZ 250 µM versus control (ANOVA one-way followed by Tukey´s test).**P<0.05, pretreated 
with siRNAnNOShum_4400 followed by TMZ 250 µM versus TMZ 250 µM (ANOVA one-way followed 
by Tukey´s test). 
Discussion  
Growing evidence has implied NOS enzymes in the biology of tumor cells (JIA; 
JACKSON-COOK; GRAF, 2010; MUNTANÉ; LA MATA, 2010; SIKORA et al., 2010). 




TMZ acts by forming O6-methylguanine nucleotides, which mispairs with thymine 
during DNA replication. In consequence, the drug causes a cell-cycle arrest in G2/M phase 
in glioma cells, which finally induces cell death (SANG; LI; LAN, 2014). TMZ also 
reduces the membrane potential of the mitochondria, releases cytochrome c from this 
organelle, and increases activated caspases 3 and 9 cell content (JAKUBOWICZ-GIL et 
al., 2013a). Indeed, studies with U87MG cells reported an increase in ROS production at 
two and four hours post TMZ. This oxidative stress contributes to TMZ effects on glioma 
cells, as confirmed by a protective effect obtained with the antioxidant N-acetylcysteine. 
Also, TMZ 300 µM caused a 10-fold increase in ROS levels in TMZ-sensitive U251MG 
cells, but no effect occurred on resistant ones (OLIVA et al., 2011). Our study used TMZ 
at 250 µM. The drug increased oxidative stress in glioma cell lines U87MG, U251MG, 
and U138MG. The peak of ROS concentration occurred at 48 h or 72 h, according to each 
cell line (Fig. 1). Corroborating previous studies, cell groups with increased levels of ROS 
showed a lower cell viability (OLIVA et al., 2011; ZHANG et al., 2010).   
The gas nitric oxide (NO) contributes to oxidative stress in gliomas (CONTI et al., 
2010). NO is often referred as a toxic and reactive molecule. However, it inhibits the 
apoptosis of glioma cells associated with caspase 3-like enzymes, via S-nitrosylation or 
through a cGMP-dependent pathways (BLAISE et al., 2005). At micromolar 
concentration, it also inhibits catalase and cytochrome P-450 enzymes (BRUNELLI; 
YERMILOV; BECKMAN, 2001; WINK et al., 1993). NO is delivery during the 
synthesis of L-citrulline, catalyzed by NOS enzymes (KIM; KWON; NAKANO, 2014). 
This gaseous molecule will form two metabolites, nitrite and nitrate (MONCADA; 
BOLAÑOS, 2006). Nitrite damages DNA strands, leading to various biochemical 
features found in cancer cells like changes in p53 activity and epidermal growth factor 
signaling (COBBS et al., 2003; XU et al., 2002; ZHANG et al., 2000). The increased 
NOS activity reported in glioma cells also contributes to oxidative stress (CONTI et al., 
2010; WINK et al., 1993). In the same sense, inhibiting NOS enzymes by L-NAME will 
result in a lower nitrite concentration in rat glioma tumor tissues. This inhibitor also 
decreases tumor volume, which reinforces the benefits of reducing NOS activity in 
glioma cells (OYOSHI et al., 2003; SWAROOP et al., 2000). No previous work, 
however, has addressed the involvement of NOS enzymes in the cell damage of glioma 
cells caused by TMZ. In our study, we pretreated cells with L-NAME to evaluate the 
resulting effects on oxidative stress and viability. We found that NOS enzymes affect 
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both responses. L-NAME sensitized U87MG cells to TMZ 250 µM. The viability of 
glioma cells and oxidative stress were decreased at the time point 48 h. Taking together, 
these data reveal that NOS enzymes contribute to oxidative stress in glioblastoma cells 
injured by TMZ. We might speculate that inhibition of NOS enzymes during TMZ cell 
damage may converge to the same apoptotic pathway described above, improving the 
damage of glioma cells.     
The neuronal isoform of NOS enzymes (nNOS) is highly expressed in gliomas. 
Expression of nNOS occurs in both the tumor and peritumoral areas of glioma (BAKSHI 
et al., 1998). Indeed, tumors with high histological grades also present higher levels of 
nNOS expression (BROHOLM et al., 2003; TANRIOVER et al., 2008). Although these 
findings suggest a possible role for nNOS in gliomagenesis, no previous work has 
addressed its involvement in glioma cells injured by TMZ.  Our study tested the nNOS 
inhibitor 7-NI and a synthetic siRNA targeting nNOS. At 48 h, 7-NI decreased the 
viability of U87MG, restraining the oxidative stress response to TMZ 250 µM (Fig. 3). 
The place of nNOS enzyme in glioma cell responses to TMZ was confirmed by RNAi 
experiments. U87MG cells silenced from nNOS for 24 h were more vulnerable to TMZ. 
They showed a lower viability with and increased rate of apoptosis (Fig. 4 and 5). Results 
from nNOS knock-down reinforces the other ones obtained with the nNOS inhibitor 7-
NI, suggesting the enzyme plays at least a partial role in glioma cell defenses against 
TMZ.    
TMZ is the standard chemotherapeutic agent for malignant glioma. Tumor 
recurrence and drug resistance unfortunately often occur, and the mean survival period is 
about 12-14 months (HENSON, 2006). To increase the efficacy of TMZ, recent studies 
have associated this drug with structures that silence critical genes for tumor biology. 
Heat shock proteins (Hsp27 and Hsp72), Src kinases, and the GTPase-activating protein 
RLIP76 are examples of targets for RNAi that improve TMZ effects on glioma cells 
(JAKUBOWICZ-GIL et al., 2013b; WANG et al., 2013a, 2013b). In the present study, 
we showed a new target for RNAi ‒ the nNOS enzyme, which also improved anticancer 
effects of TMZ on glioma cells. The synthetic duplex for silencing nNOS, 
siRNAnNOShum_4400, merits further studies to explore its potential use for glioma 
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Anexo 2 - Patente BR 10 2012 032844-5 A2 – Pequenos RNAs 
interferentes e insertos para expressão desses RNAs para 
inibição da expressão da enzima óxido nítrico sintase 
neuronal; métodos e usos em associação com IFN-γ ou 
neomicina para tratamento de distúrbios neurológicos 
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Anexo 3 – Potential role of neuronal nitric oxide synthase 
isoform in the onset of intervertebral disc degeneration 
 
Vitor Castania1, Ana Carolina Issy1,4, João Walter Silveira1, Frederico Rogério Ferreira2,4, 
Simoneide S Titze-de-Almeida3, Fernando F B Resende3, Nádia Rubia Ferreira1, 
Ricardo Titze-de-Almeida3, Helton L A Defino5, Elaine Del Bel1,4* 
 
1- Department of Morphology, Physiology and Basic Pathology, Dental School, 
University of São Paulo (USP), Ribeirão Preto, Brazil 
2- Oswaldo Cruz Foundation (FIOCRUZ), Rio de Janeiro, Brazil  
3- Technology for Gene Therapy Laboratory, University of Brasilia - UnB/FAV, Brasília, 
DF, Brazil  
4- Center for Interdisciplinary Research on Applied Neurosciences (NAPNA), University 
of São Paulo (USP), Brazil  
5- Department of Biomechanics, Medicine and Rehabilitation of the Locomotor 
Apparatus, School of Medicine, University of São Paulo (USP), Ribeirão Preto, Brazil 
 
 
















Abstract: Intervertebral disc degeneration is a progressive and debilitating disease with 
multifactorial causes. Nitric oxide (NO) might contribute to the cell death pathway. We 
evaluated the presence of the constitutive form of the neuronal NOS (nNOS) in both 
health and degenerated intervertebral disc through qPCR and immunohistochemistry. We 
also analyzed the potential role of nNOS modulation in the tail needle puncture model of 
intervertebral disc degeneration. Male Wistar rats were submitted to percutaneous disc 
puncture with a 21-gauge needle of coccygeal vertebras. The selective nNOS 
pharmacological inhibitor N(ω)-propyl-L-arginine (NPLA) or a nNOS-target siRNA 
(siRNAnNOShum_4400) were injected immediately after the intervertebral disc puncture 
with a 30-gauge needle. Signs of disc degeneration were analyzed by in vivo MR imaging 
and histological score. We found that intact intervertebral discs express low levels of 
nNOS mRNA. Disc injury caused a 4 fold increase in nNOS mRNA content at 5 hours 
post disc lesion. However, NPLA or nNOS-target siRNA slight mitigate the intervertebral 
disc degenerative progress. Our data show evidence of the nNOS presence in the 
intervertebral disc and its upregulation during degeneration. Further studies would 
disclose the nNOS role and its potential therapeutical value in the intervertebral disc 
degeneration.  
 


















Intervertebral disc degeneration is a multifactorial disorder. Several aspects have been 
associated with its etiology, including genetic predisposing factors, aging, mechanical 
loading, environmental factors and their interaction (1). The intervertebral disc is 
composed of two interdependent tissues, a thick outer ring of fibrous cartilage (collagen 
I) termed the annulus fibrosus which surrounds the nucleus pulposus a more gelatinous 
core composed by sparse chondrocytes surrounded by an extracellular matrix of collagen 
II and the proteoglycan aggrecan. Except for the outermost annulus fibrosus, the normal 
intervertebral disc is both avascular and aneural (2).  
Among others, nitric oxide (NO) is suggested as a biochemical mediator that plays 
a role in the intervertebral disc pathogenesis (2-5). Studies have shown that herniated 
cervical intervertebral discs produce NO, and elevated production of NO has been found 
in cerebrospinal fluid of patients with degenerative lumbar disease (2,4,5). NO is a small 
molecule with a short half-life that regulates several biological functions. Mammals 
produce NO thought three genetically different, but closely related NO synthase (NOS) 
isoforms, which have the same active site and catalyze the same reaction. Molecular 
cloning has shown that these isoforms share 50–60% of homology (6). Neuronal (nNOS) 
and endothelial (eNOS) isoforms are constitutive and activated by the calcium-
calmodulin complex (7). Both nNOS and eNOS are mainly expressed in brain/spinal cord, 
and in vascular tissue, respectively (7). The inducible form (iNOS) is insensible to 
calcium influx and has the expression regulated by cell receptors for inflammatory 
cytokines (8). Increased levels of NO possibly will play key roles in the onset of disc 
degradation, as follows: (i) collagen type II and aggrecan synthesis inhibition; (ii) 
metalloproteinases increasing; (iii) restraint of chondrocyte proliferation; and (iv) 
chondrocyte apoptosis (9-14). 
No work examined the role of constitutive NOS in the disc degeneration. 
Noteworthy, the neurogenesis and the angiogenesis are tissue changes associated with 
advanced disc degeneration process (1). In addition, constitutive NOS activation seems 
to be implicated in the mechanical forces modulation of the disc degeneration (15). To 
study the implication of NO production in the disc degeneration the present study has the 
following aims: (i) to examine the nNOS expression in healthy and degenerated discs, 
using a rat model of induced disc degeneration; and (ii) to evaluate the impact of nNOS 
inhibition in the intervertebral disc degeneration.  
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2. Material and Methods 
2.1 Animals. All experiments were conducted in accordance with the National Institute 
of Health Guidelines for Welfare of Experimental Animals. The methodology was 
approved by the Ethics Committee of the University of São Paulo/FORP. Male Wistar 
rats (n=42) weighing 300–350g were used in this study. The animals were housed in 
groups of four and kept at a controlled temperature of 23◦C (±1) with a 12-12h light–dark 
cycle. Food and drinking water were available ad libitum.  
The study was carried out in three steps. In the first step the nNOS isoform was 
detected in the normal and induced-degenerated discs of the Wistar rat at coccygeal 
region. In the second step, we assessed the effects of the pharmacological inhibition of 
nNOS on induced-degenerated discs. The third study phase addressed the effects of a 
synthetic small interfering RNA (siRNA) against nNOS in the same rat model. Levels of 
gene silencing were quantified in both in vitro and in vivo tests. 
 
2.2 Surgical protocol. In all surgical procedures, the animals were anesthetized with an 
intraperitoneal (i.p.) injection of ketamine (50 mg/kg) and xylazine (5 mg/kg). The same 
protocol was used for magnetic resonance imaging (MRI). Three coccygeal intervertebral 
spaces Co6-7, Co7-8 and Co8-9 were chosen for this study. To induce the rat disc 
degeneration, a needle puncture model was carefully standartizated. The intervertebral 
level Co7-8 remained undisturbed as the control level. The coccygeal intervertebral levels 
Co6-7 and Co8-9 were identified by digital palpation and confirmed by fluoroscopy. 
After tail skin antisepsis with iodate alcohol, a 21-gauge needle was inserted through the 
annulus fibrosus crossing the nucleus pulposus until the contralateral annulus fibrosus. 
Depth of needle penetration was controlled by the resistance of the contralateral annulus 
fibrosus. Then the needle was twice rotated 360°, and held for 30 seconds before 
extraction (16).  
 
2.3 Intradiscal injection procedure. Intradiscal injection was performed in the second 
and third phases of the study, immediately after the puncture disc procedure. The injection 
was performed with a 30-gauge needle attached to a micro syringe (Hamilton 10µl, USA) 
by using an infusion pump interposed by a polyethylene catheter (PE10) at 1µl/min. The 
needle was left for an additional 3 min period to prevent reflux. All therapeutic agents 
(nNOS inhibitor or nNOS target siRNA) were injected in the proximal punctured 
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intervertebral disc (Co6-7). The intervertebral space Co7-8 remained undisturbed and did 
not receive any treatment. The distal punctured disc Co8-9 received the control solution. 
For all procedures the total injected volume was 2µl. The effects of this injection volume 
were previously described as innocuous to the tail intervertebral discs of rats (17). 
 
2.4 Magnetic resonance acquisition and analysis. The MRI was performed under 
general anesthesia to guarantee immobility 2 days after the intervertebral disc puncture. 
Additionally, animals that received nNOS-target siRNA were resubmitted to the MRI at 
21 days post-operative. Imaging was acquired using a 3-Tesla MR scanner (Achieva, 
Phillips®; The Netherlands) using a dedicated coil for small animals. The tail was 
inserted into a tube containing a 0.1M CuSO4 solution to increase the image contrast. A 
2-D spin-echo, dual echo sequence was obtained with the following parameters: repetition 
time = 9000 ms; echo times = 16 (proto density) and 80 (T2-weigthed) ms; flip angle = 
90; number of averages = 2; slice thickness = 0.6 mm; field of view = 40x40 mm; in plane 
resolution = 0.1 mm; 30 sagittal slices. A linear combination of both proto density and 
T2-weigthed images showed excellent anatomical details and it was used to perform a 
qualitative evaluation of disc integrity. As the method provides an indirect measure of 
disc hydration, decrease in water content correlates with signal loss on T2-weighted 
MRIs, and would thus represent the degree of intervertebral disc degeneration (18). The 
analyses were conducted using the public domain image analysis program developed by 
the U.S. National Institutes of Health – Image J. MRI analyses were calculated from 4-5 
sequential sagittal images of intervertebral discs and the mean pixel intensity value was 
quantified.  
 
2.5 Histological analysis. Animals were euthanized at 2 or 21 days after the tail needle 
puncture and treatment (pharmacological blocking or siRNAs, respectively) by excess 
anesthesia with ketamine/xylazine. The whole discs with the vertebrae adjacent to the 
punctured segments (Co6-7 and Co8-9) and non-punctured segment (Co7-8) were 
removed and dissected. Tissue was fixed in 4% paraformaldehyde, pH 7.4, for 24 h and 
decalcified in ETDA (hydrochloric acid 12%, EDTA 0.07%, sodium tartrate 0.014%, 
potassium and sodium tartrate 0.8% and water) during 24 hours, paraffin-embedded, and 
sectioned to 5-mm thickness with a microtome. Midsagittal sections were prepared for 
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mounting and staining hematoxylin and eosin and nNOS immunohistochemistry 
respectively.  
Hematoxylin and eosin histological score was graded in a blinded fashion, using 
the definition established by Norcross and coworkers (2003) (19), with some 
modifications, under a light microscope (Leica®) at a magnification of 10X (20). The 
histological grading scale ranged from 1 (several degenerated disc) to 5 (normal disc) and 
was assigned separately to both annulus fibrosus and nucleus pulposus. This histological 
scale mainly scores the disruption of nucleus pulposus central cavity and collagen fiber 
orientation of annulus fibrosus. For nucleus pulposus the better score (5) is attribute to a 
large central cavity with abundant nucleus pulposus material (intervertebral disc height > 
2/3), and the worse score (1) to the complete obliteration of central cavity and absence of 
cells. The collagen fiber orientation of annulus fibrosus is ranging to the well-opposite 
lamellae (score 5) to severe fragmentation (score 1). 
 
2.6 Part I: nNOS detection. The nNOS isoform was examined in healthy and induced-
degenerated coccygeal discs of Wistar rats (n=20). Real time quantitative polymerase 
chain reaction (qPCR) and immunohistochemistry were used for mRNA and protein 
detection, respectively. The qPCR was performed at 5h, 24h or 5 days post-lesion. An 
immunohistochemical analysis was performed at 48 hours post-lesion. The induced-
degenerated (Co6-7 and Co8-9) and control (Co7-8) discs were obtained from euthanized 
animals at different time points. 
 
2.6.1 qPCR. Total RNA was extracted by the Trizol method (Invitrogen, Carlsbad, CA, 
USA). CDNA was obtained from 1μg of total RNA with a High-capacity cDNA kit, 
according to the manufacturer’s instructions (Applied Biosystem, Foster City, CA, USA). 
Relative nNOS expression was quantified with StepOne real-time PCR system, using 
Applied Biosystems real-time master mix with Taqman® gene expression probes (nNOS-
Assay ID Rn01646679). Expression of nNOS was normalized based on Ct values for the 
GAPDH housekeeping gene (Assay ID Rn01749022_g1). All reactions were triplicated, 
and fold change was calculated by using the 2-ΔCt method. 
 
2.6.2 Immunohistochemistry. The immunohistochemical analysis was performed using 
a standard peroxidase-based method. Polyclonal primary antibodies anti-nNOS were 
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purchased from Santa Cruz Biotechnology (Sc- 648) or gently provided by P. Emson 
(Cambridge, UK). They were tested at different concentrations (Sc- 648: 1:250 or 1:500; 
P. Emson: 1:2000, 1:4000 or 1:8000). Tissue sections were deparafﬁnized by rinsing in 
xylene (2 times; 10 min each) hydrated with ethanol series (100–30%, 5–2 min each) and 
washed in distilled water. Antigen retrieval was performed by heating the slides for 30 
min in a water bath at 50 °C in 10mM citrate buffer solution pH 6.0. Afterward, the slides 
were allowed to cool down to room temperature for at least 1 hour. To remove 
endogenous peroxidase activity, tissue sections were pre-incubated for 10 min in 3% 
hydrogen peroxide in PBS 0.1M. Non-speciﬁc binding sites were blocked with 5% BSA 
in PBS 0.1M for 1 hour. After each step, slides were rinsed with PBS 0.1 M (3 times; 5 
min each). Subsequently, the slides were incubated with the anti-nNOS primary antibody 
during 48 hours. Then, sections were successively washed (PBS 0.1 M) and incubated in 
a secondary antibody solution (PBS) for 90 min, which contained the biotinylated anti-
rabbit antibody (1:400; Vector Laboratories, Burlingame, CA). Next, the sections were 
incubated with the avidin-biotin immunoperoxidase method for 2 hours (1:300; 
Vectastain ABC kit, Vector Lab, Burlingame, CA, U.S.A.), and then nNOS 
immunoreactivity was revealed by the addition of chromogen diaminobenzidin (DAB; 
Sigma) with or without nickel. 
 
2.7 Part II: Intradiscal nNOS inhibition through the pharmacological inhibitor. 
Under general anesthesia, the nNOS selective inhibitor N(ω)-propyl-L-arginine (NPLA; 
300 nmol; n=7), or saline were intradiscally injected as described before. NPLA (Tocris) 
was dissolved in sterile saline (NaCl 0.9%, w:v) and freshly prepared. Analyzes of the 
degenerative changes in intervertebral discs were carried out by MRI and histological 
score at two days after nNOS blocking. 
 
2.8 Part III: Intradiscal nNOS silencing through the nNOS siRNA. Seven animals 
were used to assess the role of NO from nNOS isoform in the induced disc degeneration 
through the nNOS siRNA. To evaluate the degenerative changes in the intervertebral 
discs transfected with siRNA or the control group the MRI analyze was conducted at 2 
and 21 days after injection. The histological score was evaluated at 21 days after the 




2.8.1 Synthetic siRNA preparation. The nNOS mRNA target sequence was determined 
by using the Biopredsi algorithm (21). The sequence used in this study is placed in exon 
28 of the human nNOS complementary DNA sequence (NM_000620.2), 5´–
GCGAACGTACGAAGTGACCAA–3´, nt 4898 – 4918. The synthetic siRNA display 
total nucleotide identity to this target sequence, which can be found in nNOS-splicing 
variants α, β, or γ. It was synthesized as double-stranded RNA sequences with 21 
nucleotides, and named siRNAnNOShum_4400 (Qiagen). The designed siRNA will 
establish Watson-Crick base pairs with a complementary sequence present in nNOS 
mRNA, thus guiding the RNA-induced silencing complex (RISC) to clive this target 
mRNA. We also used a commercial negative control siRNA (All stars®, Qiagen, 
Valencia, California, USA).  
 
2.8.2 In vitro study procedures 
2.8.2.1 Cell culture. To analyze the ability of siRNA described below to silence nNOS, 
we used four distinct cell lineages: SH-SY5Y (ATCC® CRL-2266™), U-251 MG (Cell 
lines services CLS), U-87 MG (ATCC® HTB-14™), and U-138 MG (ATCC® HTB-
16™). Cells were maintained in DMEM/F12 medium supplemented with 1% Glutamax 
(Gibco, NY, USA), 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin G, 100 
µg/mL streptomycin, and 250 ng/mL amphotericin B (Sigma Aldrish, Madrid, Spain). 
They were seeded into flasks and maintained at 37°C in a humidified atmosphere of 5% 
CO2 and 95% air. 
 
2.8.2.2 Cell transfection. Transfections with siRNA were carried out with Lipofectamine 
(Lipofectamine 2000 Transfection Reagent, Invitrogen, Carlsbad, California, USA) and 
Opti-Men I (Invitrogen, Carlsbad, California, USA), according to the manufacturer’s 
instructions. Cells received 150 pmol of siRNAnNOShum_4400, and the effects on 
nNOS mRNA content was determined at 24h post-transfection.   
 
2.8.2.3 Reverse transcription qPCR (RT-qPCR) in cell culture. Total RNA was 
extracted with a commercial kit (RNeasy ® Plus Mini Kit, Qiagen, Hilden, Germany), 
and quantified by fluorometry (Qubit®, Invitrogen, Carlsbad, California, USA). The 
purity was considered acceptable for RNA/protein ratios above 1.8. RNA integrity was 
analyzed by agarose gel electrophoresis. Synthesis of cDNA was performed from 500 ng 
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total RNA, by using random primers (SuperScript First-Strand Synthesis System for RT-
PCR, Invitrogen, Carlsbad, California, USA). We performed the RT-qPCR reaction in a 
7500 Fast Real-Time PCR (Applied Biosystems, Carlsbad, California, USA). The 
forward and reverse primers for nNOS amplification were 5'– 
GGTGGAGATCAATATCGCGGTT –3' and 5'–CCGGCAGCGGTACTCATTCT–3' 
(22). For the housekeeping gene, we used the GC-rich promoter binding protein 1 
(GPBP1) primers 5'–TCACTTGAGGCAGAACACAGA–3' and 5'–
AGCACATGTTTCATCATTTTCAC–3' (23). Amplification products were detected via 
intercalation of the fluorescent dye SYBR Green. Briefly, the reaction mix contained 5.0 
µL Fast SYBR Green Master mix (Applied Biosystem, Carlsbad, California, USA), 2.0 
µL of cDNA diluted 1:10, 0.4 µL each sense and antisense primer (10 pmol/µL), and 
milli-Q pure water up to 10.0 µL. The polymerase chain reaction program included an 
initial denaturation at 95 ºC for 5 min, followed by 40 cycles of amplification (95 ºC for 
1 min, 60 ºC for 1 min). Each run was carried out in triplicate, and the assay included 
negative reverse transcription (non template) controls. Delta delta Ct (2-ΔΔCt) relative 
quantification method was used to express the RNAi effects on nNOS message content 
(24). 
 
2.8.3 In vivo study procedures  
2.8.3 siRNA application. The nNOS siRNA injection was carried out using the 
transfection reagent Lipofectamine according to the manufacturer’s instructions. Under 
general anesthesia, the siRNA against nNOS - siRNAnNOShum_4400 (150 pmol) or the 
control solution (RNAse free water plus Lipofectamine) were intradiscally injected.  
 
2.9 Statistical analysis. MRI signal and nNOS mRNA expression (mean ± SEM) were 
analyzed by one-way analysis of variance (ANOVA) followed by the Newman-Keuls 
post hoc test or multiple test t analyses when appropriated. Temporal analyze on siRNA 
treated group was carried out by a general linear model of repeated measures. All data 
were expressed as the mean ± SEM. Histological scores (median ± SEM) were evaluated 
by the non-parametric Kruskal-Wallis test followed by the Mann-Whitney test. In all 






3.1 Part I. nNOS detection in the intervertebral disc. The real time qPCR was used to 
evaluate nNOS mRNA expression in both intact and induced-degenerated discs. As seen 
in the Figure 1, nNOS mRNA expression was found in both the intact and degenerated 
discs of the rat coccygeal region. However, the real time qPCR suggests that NOS before 
lesion is quite low, practically absent. The degenerated disc showed an increase in the 
nNOS mRNA expression 5 hours post-lesion (p<0.01; n=3; Figure 1). The nNOS mRNA 
expression remained increased at 24h post-lesion although this difference did not reach 
statistical significance. Five days after the lesion procedure the nNOS mRNA was similar 
to the basal condition.  
 
Figure 1. Changes in nNOS mRNA expression in the intervertebral disc at 5h, 24h or 5 days post-lesion. 
The lesion procedure induced a strong increase in nNOS mRNA expression. Data normalized by GAPDH. 
**p<0.01 compared to Intact group (one-way ANOVA; mean ± SEM).  
 
Accordingly, positive cells expressing nNOS protein were found in annulus fibrosus of 
both intact and induced-degenerated disc (Figure 2A and B). To guarantee the specificity 
of the nNOS positive labeling we tested two different antibodies with different 
concentrations (see Methods). Also, we include a sagittal section of spinal cord neurons 
as an “internal” positive control for the specificity of the nNOS positive immunoreaction. 





Figure 2A. Representative sections prepared with H & E staining (A and B; 5X) and nNOS 
immunopositivity detected in the coccygeal intervertebral disc cells of annulus fibrosus (A’ and B’; 10X). 
(A) Intact disc showing nucleus pulposus (NP) comprising at least one-half of the disc area in the sagittal 
sections and an intact annulus fibrosus (AF), with a clearly border between AF and NP. (B) Injured disc 
(21-gauge needle punctured) 2 days after lesion. The NP area is decreased with complete obliteration of its 
cavity with fibrous material, and with an irregular contour. In the inferior panel the nNOS 
immunohistochemical representative photomicrographs of AF of intact (A’ - near to the endplate) and 
injured (B’ – middle of the AF) discs. The AF regions showed in A’ and B’ are represented in the superior 
panel. The nNOS immunoreactivity (anti-nNOS - rabbit; 1:250, Santa Cruz Biotechnology) was revealed 





Figure 2B. Representative histological sections prepared with picrosirius red staining (A and B) and nNOS 
immunoreactivity in the lumbar intervertebral disc and spinal cord (C-F). A and C. Sagittal sections 
comprising both intact intervertebral disc and spinal cord, as a positive control of the nNOS 
immunoreactivity (1.6X). In the spinal cord, neurons stained by either picrosirius (A) or nNOS 
immunohistochemistry (C) are highlighted in the dotted frames. B and D. Spinal cord neurons stained by 
picrosirius (B) or nNOS immunohistochemistry (D; 10X). E. Annulus fibrosus of the intact disc highlighted 
in the continuous frame of panel C showed in the high augmentation (10X). F. Nucleus pulposus of the 
intact disc highlighted in the continuous frame of panel C showed in the high augmentation (10X). The 
nNOS immunoreactivity (anti-nNOS - sheep; 1:4000, gift of P. Emson, Cambridge, UK) was revealed with 




3.2 Part II. Intradiscal pharmacological inhibition of nNOS. To evaluate the role of 
NO from nNOS isoform in the induced disc degeneration, we performed the intradiscal 
injection of the selective nNOS inhibitor, NPLA. The MRI signal of both lesioned discs, 
which received vehicle (Co8-9; sterile saline, 2µl), or which received NPLA (Co6-7; 
300nmol, 2µl) was found significantly decreased at 2 days after the lesion procedure when 
compared to the intact group (Co7-8; (F(2,18)=27.83; p<0.001), Figure 3A). However, 
treatment with NPLA, immediately after the lesion, produced a significant increase in the 
MRI signal intensity when compared to the lesioned discs which received vehicle 
(p<0.05). The lesioned discs, which received vehicle (Co8-9), showed a 55.56 % of 
reduction in the MRI signal intensity. The reduction in the signal intensity of lesioned 
discs, which received NPLA, was 38.89%. 
In addition, the lesioned discs, which received vehicle, showed a significant worse 
histological score when compared to the intact discs either the annulus fibrosus 
(H2=10.25, p=0.006) and nucleus pulposus ((H2=10.15, p=0.006); Figure 3B). NPLA 
mitigated the effect of intervertebral disc injury on the histological score only at annulus 
fibrosus. Lesioned discs treated with NPLA presented no statistical difference to the intact 
control group regards to the annulus fibrosus histological grading scores (Figure 3B). 
 
Figure 3. Effects of NPLA on MRI signal (T2 sequences) and in the histological analyses of intervertebral 
discs at 2 days after lesion. The lesioned discs injected with vehicle (2µl) presented a significant decrease 
of the MRI signal (A) and in the histological score (B) when compared to the intact segments. The injection 
of the preferential nNOS inhibitor NPLA (300 nmol) mitigates the lesion effects in the MRI signal intensity 
and in the histological score. (A) *p<0.05 - MRI found in vehicle and NPLA-injected discs compared to 
the intact discs; #p<0.05 - lesioned discs treated with NPLA compared to those injected with vehicle; One-
way ANOVA followed by Newman-Keuls post hoc test; n=7. (B) *p<0.05 - Differences in histological 
grading scores, Kruskal-Wallis followed by Mann-Whitney, (median ± SEM; n=7). 
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3.3 Part III. Intradiscal nNOS silencing through the nNOS siRNA 
3.3.1 In vitro study procedures. The down-regulating effects of siRNA on nNOS were 
confirmed in culture cells. The structure siRNAnNOShum_4400 reduced the nNOS 
mRNA content at 24h post-transfection in all four lineages in test, as determined by RT-
qPCR (Table 1). Knocking down effects on nNOS message varied according to the cell 
lineage in test. The highest silencing effects occurred for cell lineages U-87 MG (0.55 
fold), followed by U-251 MG. SH-SY5Y and U-138 MG cells showed a relatively lower 
reduction in nNOS mRNA content (0.66 fold) after transfection.  
 
3.3.2 In vivo study procedures. To evaluate the role of NO from nNOS isoform in the 
induced disc degeneration we performed the intradiscal nNOS siRNA transfection. The 
degenerative changes were examined through the MRI analyze at 2 and 21 days post 
transfection, and the histological score at 21 days.  
The MRI signal of the lesioned discs which received vehicle (Co8-9; transfection 
solution Lipofectamine 2000 and RNAse free water, 2µl) was found significantly 
decreased either at 2 and 21 days after the lesion procedure when compared to the intact 
discs (Co7-8; (F(4,44)=10.27, p<0.0001), Figure 4A). Treatment with 150pmol of nNOS 
siRNA immediately after lesion did not produce significant differences in the MRI signal 
intensity compared to the lesioned discs treated with vehicle either at 2 or 21 days after 
lesion (n=9; Figure 4A).  
 
Figure 4. Effects of 150 pmol of siRNAnNOShum_4400 in the (A) MRI (T2 sequences) of intervertebral 
discs at 2 and 21 days after lesion and (B) in the histological scores. (A) The lesion procedure caused 
significant decrease in the MRI signal intensity of either vehicle and nNOS siRNA injected discs compared 
to the intact discs. The injection of 150 pmol of nNOS siRNA immediately after lesion appears to mitigate 
the degenerative progress at 21 days after lesion (mean of vehicle injected discs = 25.11 and mean of 
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siRNAnNOShum_4400 injected discs = 36.44). **p<0.05 compared to the intact discs, repeated measures 
ANOVA followed by Newman-Keuls post hoc test; n=9. (B) The lesioned discs injected with vehicle (2μl) 
showed significant decrease in the histologic scores compared to the intact discs scores. Treatment with 
150 pmol of nNOS siRNA immediately after lesion improved the histological scores of nucleus pulposus 
at 21 days post lesion, compared to those of the vehicle-injected discs. *p<0.05; Kruskal-Wallis followed 
by Mann-Whitney, (median ± SEM; n=9). 
 
Interestingly, the lesioned group (vehicle) presented a worsening MRI signal at 
21 days after lesion compared to the MRI signal at 2 days after lesion. Contrasting, the 
nNOS siRNA injected discs did not show increased loss of the MRI signal intensity at 21 
days after lesion compared with the first time post-lesion analyzed (two days). These 
results suggest that probably there was a progress in the disc-degenerative process in the 
lesioned vehicle-treated discs. Representative MRI images collected for analysis of tissue 
hydration of siRNAnNOShum_4400 injected disc are represented at Figure 5. 
 
Figure 5. T2-weighted MRI from siRNAnNOShum_4400 injected disc. The Image J® software was used 
for analyses. The yellow tracing over the image represents the area analyzed from 5 sequential sagittal 
images of intervertebral discs. MRI data are presented as a gray scale value which corresponding to the 
MRI pixel intensity. 
 
MRI data were corroborated by the histological analyses. The lesion procedure 
caused a significant decrease in the scores of the annulus fibrosus (H2=8.31, p=0.016) 
and nucleus pulposus in the mock-treated group (H2=16.30, p<0.001, Figure 4B). 
Regards to the group treated with 150pmol of siRNAnNOShum_4400 after lesion, the 
scores of the annulus fibrosus and nucleus pulposus were not different to those found in 
intact discs. Indeed, siRNA treated group showed a significant higher histological scores 
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in the nucleus pulposus in comparison to the group treated with vehicle (Mann-Whitney; 
p<0.050; Figure 4B). 
 
4. Discussion 
We demonstrate the presence of the nNOS isoform, mRNA and protein, in both intact 
and induced-degenerated (needle punctured) rat coccygeal intervertebral discs. Our study 
revealed that nNOS mRNA was overexpressed in the onset of the induced disc 
degenerative process (mainly at 5 hours post lesion). The acute inhibition of intradiscal 
NO synthesis through the NPLA, a highly selective and potent nNOS inhibitor (25) 
induced a modest but significant improvement in the intervertebral disc revealed through 
the MRI analyses. In the annulus fibrosus, but not in the nucleus pulposus, NPLA 
treatment was able to mitigate the histological injury induced by the needle puncture. The 
reason for the difference in the NPLA effects in the annulus fibrosus and nucleus pulposus 
most likely are related to the different histology and physiology of these components. We 
have previously reported similar results with another pharmacological approach (26). The 
siRNA to silencing nNOS expression during the disc degenerative process suggested a 
minor modification in the disc health parameters detected through both MRI and 
histological analyses at 21 days after siRNA injection. The absence of siRNA-induced 
effects at 2 days after lesion was unexpected considering that in vitro siRNA induced a 
post-transcriptional silencing on nNOS mRNA content at 24h post-transfection, and acute 
pharmacological inhibition of nNOS altered in some degree the discal degenerative 
process. The intervertebral disc represents the largest avascular structure in the body; as 
well, intervertebral discs are encapsulated and immune-privileged sites (27). The absence 
of blood supply to the intervertebral disc may limit the effectiveness of self-repair 
strategies (28). Therefore, the intervertebral disc is classified as a suitable target organ for 
local and direct therapy (27).  
We demonstrated the presence of nNOS in the intervertebral disc through the 
mRNA and immunoreactivity protein. These techniques are largely used to recognize the 
specific NOS isoform in different organs and tissues (29). The constitutive isoforms of 
NOS are not localized only in the tissues from which they were originally identified. The 
nNOS isoform is the predominant source of NO in neurons, but is also present in the 
skeletal, cardiac and smooth muscles where NO controls blood flow and muscle 
contractility (30-32). Pharmacological NOS inhibitors represent an essential tool to 
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provide the biological roles of NO (33). The NPLA was described with a considerable 
degree of selectivity in favor of nNOS (25). Interestingly, the potency of inhibition of 
nNOS by NPLA is 3158 times that of iNOS (25). In this context, inflammatory cytokines 
or MMPs, usually related to iNOS, are not inhibit by NPLA or nNOS-target siRNA, 
which helps to explain the slight improvement in the disc degeneration process described 
here. Despite the serial progressive changes of several other biochemical components 
which well characterized intervertebral disc degeneration (1).  
The inappropriate release of NO has been linked to several pathologies, including 
the intervertebral disc degeneration. In most studies, the NO increase synthesized from 
the iNOS isoform had been suggested as part of the disc degenerative cascade (2-5,34). 
It has been suggested that the NO increase might have a deleterious role in the synthesis 
and maintenance of important disc constituents as proteoglycan, collagen type II and 
chondrocytes (2,11,35,36). An additional consequence of the increased NO levels is the 
stimulated production of the metalloproteinases (MMPs) (12,13). Synthesized by disc 
cells, MMPs are crucial in disc degeneration by initiating matrix degradation and by 
promotion of catabolic processes (37,38). Furthermore, MMP-2 has been implicated in 
the induction of neovascularization during disc degeneration (39).  
Although the exact cellular origin of NO in the intervertebral disc is unknown, the 
NO produced by constitutive NOS may be biologically important. Previously, Pitsillides 
and co-workers (40) described that in bone the NO production and expression of both 
iNOS and nNOS isoforms are increased by mechanical stress. We found in the 
degenerated discs a robust increase of nNOS mRNA detection and nNOS 
immunopositivity, despite the smaller extent of these findings in the intact disc. As 
mentioned before, the neurogenesis and the angiogenesis are tissue changes associated 
with advanced disc degeneration process (1). Both events may contribute to the increase 
of the expression of constitutive NOS isoforms. In view of the previously described NO 
role in the intervertebral disc degeneration, a synergistic effect between constitutive and 
inducible NOS isoforms inhibitors could be considered. 
Although the induced-degenerative model does not truly reflect the course of 
human disc degeneration, similar histological and biomechanical changes exist between 
rat and human disc degenerative process. Clinical studies may provide further support for 
the possibility of NO/nNOS alteration in the degenerative process.  
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In conclusion, our study revealed the presence of constitutive nNOS in the 
intervertebral disc and its overregulation during the disc degenerative cascade. Since the 
regeneration process in the intervertebral disc appears unlikely this knowledge may start 
address to the potential anti-degenerative effects of intradiscal NOS inhibition.  
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